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Major impetus f o r  t he  development of ~ i g h  tempera- 
t u r e  e l e c t r o n i c  a a t e r i a l s ,  devices,  c i r c u i t s  and sys- 
tems can probably be c r e d i t e d  t o  t h e  energy c r i s i s  
vhich anpeared dramat ica l ly  i n  1974. Xt t h a t  t i n e  i t  
vas  acknowledged that the  necesmry  discovery a i d  ex- 
p l o i t a t i o n  of na t iona l  energy resources  vould r e q u i r e  
a long-term comitment  t o  research and development. and 
f e d e r a l  funds v e r e  made a v a i l a b l e  f o r  t h i s  purpnse. In 
1975, a wrkshop  v a s  held t o  set d i r e c t i o n s  f o r  w r k  i n  
geothermal explot a t ion ,  ' and a number of c o n t r a c t s  
ve re  subsequently negotiated.  As vork continued. i n t e ~  
e s t  broadened beyond t h e  geotheraal  area .  In  1978, Dr. 
A. F. Veneruso,of Sandia Laborator ies ,  organized a ses-  
s i o n  on High T e m ~ r a t u r e  E lec t ron ic s  a t  Uidc-on 1978 
i n  Dal las ,  Texas: Th i s  sesnlon included a paper on 
a i w - a f t  engine con t ro l s ,  a s  we l l  a s  papers on i n t e g r a b  
ed c r c u i f s  d i r e c t e d  a t  the  high-temperature needs of 
the well-logging industry.  In 1979, i n t e r e s t  broadened 
still fu r the r ,  a s  evidenced by the  High Temperature 
E lec t ron ic s  and Instrumentat ion lSeninar o r ~ a n i z e d  i n  
Houston, Texas by Dr. V e n e ~ s o . ~  Host r ecen t ly ,  a ses-  
s i o n  of the  1985 Elcct ro-Profess ional  Program was de- , 

voted t o  The F ron t i e r s  of High Temperature Electronic-:' 

%re  than f i v e  years  have passed s i n c e  t h e  f i r s t  
wrkshop  was held ,  and i n  t h a t  time muct progress  has 
been made. I n t e r e s t  i n  the  f i e l d  has  continued t o  R r w  
and t h e  d i v e r s i t y  o f  requirements has  r ap id ly  i-tcreased. 
I t  t he re fo re  seems important a t  t h i s  ti- t o  re-eval- 
ua t e  t h e  s t a t u s  of and d i r e c t i o n s  f o r  high temperature 
e l e c t r o n i c s  research and development. This  conference 
has  been organized f o r  t h a t  purpose. Spec i f i ca l ly .  t he  
conference has t h r e e  major ob jec t ives :  t o  i d e n t i f y  
common needs a m n g  those  i n  the user  commnity; t o  put  
i n  perspect ive  the  d i r e c t i o n s  f o r  f u t u r e  vork by focus- 
i n g  on the  s t a t u s  o f  c u r r e n t  research and development 
programs; and t o  address  t h e  problem of  b r i o r i n g  t o  
p r a c t i c a l  f r u i t i o n  the  r e s u l t s  of  t hese  e f f o r t s .  Uhi le  
t h e  importance o f  t h e  t echn ica l  content  of  t h e  papers 
is not  t o  be  underrstimated, the  Program C o ~ a i t t e e  f e l t  
t h a t  becatlee of t he  d i v e r s i t y  of i n t e r e s t s  represented 
i n  the  audience, t h e  i d e n t i f i c a t i o n  of  c o s o n  problems 
and t h e  need f o r  perspect ive  with reeard  t o  the  impli- 
ca t ions ,  both t echn ica l  and c o m e r c i a l ,  of  these  prob- 
lems v e r e  perhaps a s  important a s  t h e  high-tempers- 
cure  technologies  themselves. Accordingly, s p e c i a l  a t -  
t e n t i o n  was given t o  t h e  program i n  two vavs. 

F i r s t ,  considerable  ca re  vas taken t o  put  together  
a se s s ion  on Users Requirements vhich included papers 
from a s  broad a spectrum a s  poss ible ,  and t h i s  s e s s ion  
vas  scheduled a s  t h e  f i r s t  o f  t h e  conference. Second, 
t h e  need f o r  perspect ive  was recognized t o  be p a r t  of 
t h e  broader problem of d e t e l r i n i n g  vha t  r e s u l t s  of re- 
search and development have long-range p o t e n t i a l  f o r  
c-rcialization, and how these  can be reduced t o  prac- 
tice. To meet t h i s  need we a r e  ia:roducing vha t  we be- 
l l e ~  to be an innovation i n  conferences o f  t h i s  type: 
t h e  f i n a l  s e s s ion ,  A Conference Perspect ive ,  by Dr. 
Robert Pry, Vice-President f o r  Research and Development, 
Could, Inc. During the  conference, Dr .  Pry w i l l  t a l k  
v l t h  a s  u n y  a s  poss ib l e  of t h e  conference a t tendcea.  
Combining t h e  r e s u l t s  o f  these  encounters  wi th  what he 
lurar  o f  t h e  s t a t u s  of t he  va r iou r  h i g h - t e q e r a t u r e  
toennologion from the conference paperr,  he v i l l  devel- 
op a c a a n t a r y  of  h i s  v i e w  of t h e  conference i n  gener- 
al ,  and technology t r a n r f e r  and c o m e r c i a l i z a t i o n  i n  
pa r t i cu la r .  I would, therefore ,  encourage everyone who 

has s p e c i a l  needs i n  h i~h- t empera tu re  e l e c t r o n i c s ,  o r  
cp in ions  about thc  f i e l d ,  t o  t a l k  v i t h  Dr. Pty  a t  sou 
time dur ing t h e  conference. I a l s o  hope t h a t  everyone 
v i l l  p lan  t o  s t a y  f o r  t h i s  f i n a l  and pcrssiblv most 
i a p o r t m t  sess ion.  

I t  is worth no t ing  t h a t  more than ha l f  t h e  papera 
i n  t h e  conference d e a l  v i t h  m a t e r i a l s  and devices ,  
r a t h e r  than i : i r c u i t s  and s y s t e m .  Uhi le  t h i s  is due 
i n  p a r t  t o  the  conference e q h a s i s  on research and de- 
velopment. I t  is i n  l a r g e r  measure a r e f l e c t i o n  of the  
lack of  a a t u r i t v  of t he  f i e l d .  C i r c u i t s  and systearp 
a r e  t k t  l a s t  i n  the  development chain  of which a a t e r i a k  
form t h e  b e ~ i n n i n g .  The evolut ion ta a mmture technol- 
ogy base is unfor tunate ly  impeded by the  r e l a t i v e l y  
small  s i z e  nf t hc market fo r  high temperature e l ec t ron -  
i c s  when compared v l t h ,  f o r  example, the  market co l lu ln6  
ed by i n t eg ra t ed  c i rcui t ; .  This small  siztl  is not ,  how 
eve r ,  Lndlcative of its impqrtance when vieved i n  the  
con tex t  of na t iona l  energy and space programs. I t  is. 
the re fo re ,  the  goal of t h i s  conference t o  e :pcd i t e  t h e  
development of high temperature e l e c t r o n i c s  f o r  t hese  
w s t  important app l i ca t ions .  

So conference such a s  t h i s  can be success fu l ly  or- 
ganized without the hard wclrk of a number of coopera- 
t i v e  ind iv idua l s ;  I wa.11d l i k e  t o  thank a l l  those  vho 
s e w e d  on the  P r o ~ r a m  Cotanittee f o r  t h e i r  e f f o r t s .  Spe- 
c i a l  acknovledgellents a r e  due D r .  John C. Rovley and 
D r .  Jan  A. Yarud, both c f  Los Alrmas National Labora- 
tory ,  f o r  t h e i r  outs tanding and t i r e l e s s  e f f o r t s  t o  es- 
t a b l i s h  & program of the  h i ~ h e s t  qua l i tv .  Specfa l  ac-, 
knowledgements a r e  a l s o  due Dr. C. R. Hausenbauer and 
h i s  s t a f f  i n  Specia l  Profess tonal  Education a t  The 
Univers i ty  of  Arizona. f o r  handling a l l  thc  conference 
arrangements. 

Final ly .  I vould l i k e  t o  express  our g r a t i t u d e  t o  
those agencies  vhich have contr ibuted f i n a n c i a l l y  t o  
the  success  of t h e  conference: The National Aeronau- 
t i c s  and Space Administration; The Department of Energy. 
Divis ion of Engineering, Mathematical and Ceosciences; 
The Nuclear Regulatory Coaaaiesion, Divis ion of  Reactor 
Saf tey  Research; and The National Science Foundation. 
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Elect ronic  ins t ruments  and s y s t a s  used f o r  space  
explora t ion have not  gene ra l ly  been exposed d i r e c t l y  t o  
harsh environments of o u t e r  space  o r  t h e  dense atmo- 
spheres of s e v e r a l  of our p lanets .  Ins tead,  p r o t e c t i v e  
enclosures,  i n su la t ion ,  sh i e ld ing ,  and small  heat ing 
s y s t m s  a r e  provided t o  c o n t r o l  t h e  environment. Also 
t h e  des ign of spacec ra f t  systems and ins t ruments  a r e  
ca r r i ed  'lut v i t h  f a i r l y  conservat ive  des ign r u l e s ,  be- 
cause t h e  c o s t  of a mission is high, and f a i l u r e  is easy 
t o  achieve. The des ign of e l e c t r o n i c  i n a t r u ~ e n t s  f o r  
use  wi thin  t h e  wide range of t h e  e a r t h ' s  environment is 
d i f f i c u l t  enough. and extension of our  e l e c t r o n i c  tech- 
nclogy t o  ope ra t e  a t  very  high o r  low temperatures o r  
g rea t  p re s su res  is no m a l l  c b l l e n g e .  

Operation of e l e c t r o n i c  systems i n  environments 
having temperatures o r  p re s su res  beyond the  c a p a b i l i t y  
of t h e  e l e c t r o n i c s  r equ i re s  systems t o  p ro tec t  o r  
i n s u l a t e  thz  e l e c t r o n i c s  from t h e  environment. The 
maintenance of t h e  p ro tec t ion  r equ i re s  energy. and 
the  energy source  i t s c l f  may r e q u i r e  p ro tec t ion .  In  
vacuous space. t h e  energy t r a n s f e r  t o  t h e  spacec ra f t  is 
e n t i r e l y  dependent upon r a d i a t i v e  t r a n s f e r  , and tempera- 
t u r e s  can be con t ro l l ed  by varying t h e  r e f l e c t i v i t y  of 
t he  spacec ra f t  surfaces .  This form of con t ro l  may rr- 
q u i r e  l i t t l e  energy s i n c e  it o f t e n  can be accomplished 
with l i t t l e  more than t h e  r o t a t i o n  of t h e  spacec ra f t  o r  
t he  r eo r i en ta t ion  of r e f l e c t i v e  panels.  Pressure  d i f -  
ferences  a r e  seldom l a r g e r  than t h e  d i f f e r e n c e  between 
t h a t  of t h e  e a r t h  and vacuum. I n  t h e s e  r e spec t s ,  t h e  
e x p l o r d  ion of space  is considerably  less d i f f i c u l t  than 
the  explora t ion of t h e  ea r th* .  ,lner space vhere  tm- 
pe ra tu res  and pressures  a r e  high. 

The explora t ion of t h e  p l ane t s  having l a r g e  atmo- 
syheres is e n t i r e l y  ; d i f f e r e n t  mat ter .  In  t h e  c a s e  of 
Venus, f o r  example. t h e  su r face  temperature is near 
730°K and t h e  atmospheric pressure  90 bars.  The atmo- 
spher ic  p r o f i l e s  of t h e  l a r g e  ou te r  p l ane t s  a r e  r e l a t i v e -  
l y  unknown. b u t  one th ing  is sure .  both the  p res su re  and 
t eape ra tu re  w i l l  i nc rease  wel l  beyond our t echn ica l  
c a p a b i l i t y  t o  des ign i n s t r m e n t s  before  any su r face  is 
l i k e l y  t o  be found. The depth  t o  vhich these  atmospheres 
can be s tud ied  depends on one of two things.  1. our 
a b i l i t y  t o  des ign probes t h a t  can withstand t h e  g r e a t  
temperatures and pressures ,  2 .  t h e  a b i l i t y  to  t ransmit  
t he  information through t h e  dense absorbing atmospheres. 

The problem of ~ r o t e c t i n g  e l e c t r o n j c  systems from 
t h e  g r e a t  t anpe ra tu res  and pressures  of t hese  atmospheres 
is a very  d i f f e r e n t  problem f ran  t h a t  of ou te r  space. 
Here the  thc rau l  energy t r a n s f e r  is caused pr imai i l ;  by 
conduction t o  t h e  atmosphere. The atmospheric p r r s s u r e s  
may be hundreds of  t imes g r e a t e r  than those  of t h e  
e a r t h ' s  atmosphere, s o  our spacec ra f t  may loqk more l i k e  
a c r a f t  designed f o r  deep ocean explora t ion.  We have 
two choices  as t o  t h e  des&n of our c r a f t ,  e i t h e r  we 
des ign our  rya teas  t o  withstand t h e  high temperatures 
and pressures ,  o r  we mainta in  temperature and p res su re  
d i f f e r a n c e s  wi th in  t h e  c r a f t .  The maintenance of ten- 
pe ra tu re  and pressure  d i f f e r e n c e s  r e q u i r e s  energy, and 
energy is aiways a very  expensive and a sca rce  commodity 
on any space  probe. Therefore i t  is very  important t h r ~  
we minimize o r  e l imina te  t h e  need t o  mainta in  such d i f -  

ferences .  The extension of range of ope ra t ing  tenpera- 
t u r e s  of e l e c t r o n i c  components and systems is a s t a r t  in 
tha t  d i r ec t ion .  

Misa ions  

The exp lo ra t ion  of t h e  atmosphere of Venus v i l l  
probably be  t h e  f i r s t  example of t h e  u s e  of high tem- 
pe ra tu re  e l e c t r o n i c  systems in space  app l i ca t ions .  
S tud ies  of t h e  Vmusian atmosphere could be  accomplished 
by t h e  use  of bal loon borne i n s t r m e n t s .  The s imples t  
s o r t  of experiment might be one t h n t  determines only  
ts . c i r c u l a t i o n  p r o p e r t i e s  of  t h e  atmosphere a t  v a r i w s  
a l t i t u d e s .  All  t h a t  is required he re  is a beacon of 
s u f f i c i e n t  power t o  be t racked by e i t h e r  o r b i t i n g  
spacec ra f t s  o r  from ground-based r a d i o  te lescopes .  A 
more advanced probe might con ta in  a r a d a r  transponder.  
The l o c a l i z a t i o n  of t h e  balloon. f o r  example, could be  
accomplished by VLBI. Doppler t racking.  range t r ack ing  
i n  t h e  c a s e  of a transponder,  and a l l  combinations of  
there .  Two miss ions  a r e  p resen t ly  being s tudied.  The 
f i r s t  c a r r i e s  on ly  a slmple beacon t r a n s m i t t e r  and f l y s  
a t  18 k a l t i t u d e  where t h e  temperature a t  about 325rC. 
Elec t ron ic  breadboard des igns  f o r  ope ra t ion  a t  t h i s  
temperatcrre a r e  p resen t ly  being const ructed and t e s t e d  
a t  JPL. The second f l y n  between $0 and 48 km where t h e  
temperature does  not  exceed 150aC. Here, more advanced 
instrument p a c k ~ g e s  a r e  p resen t ly  wi th in  t h e  a v a i l a b l e  
techr~ology. Poss ib l e  ins t ruments  include p r t s su re .  
t enpe ramre ,  d i f f e r e n t i a l  temperatures.  l i g h t  f l r x e s ,  
l i gh tn ing  d e t e c t o r s ,  and sound p res su re  l eve l s .  Balloon 
miss ions  a r e  l i k e l y  t o  last no longe r  than a few days  
t o  a few weeks, t h e r e f o r e  on ly  s h o r t  term s t u d i e s  can be 
c a r r i e d  out  (These a r e  much longer.  however, than t h e  
p resen t  Venera and Pioneer-Venus probes). Longer 
miss ions  a r e  d e s i r a b l e  and w u l d  most l i k e l y  have t o  b e  
c a r r i e d  ou t  frcm t h e  eur1ace. 

If a landing probe could sit on t h e  h ighes t  p a r t  
of Terra I s h t a r  (about 10  kn above t h ~  mean s u r f a c e  
leteel) t h e  temperature vorrld be about 380°C. A number 
of i n t e r e s t i n g  experiments corild be accsmplished from 
t h i s  remarkable peak including a l l  t h e  t r a d i t j m a l  
weather measurments ,  atmospheric turhulance. l i g h t  
s c a t t e r i n g  from dus t  p a r t i c l e s .  and qo on. Egually a s  
i n t e r e s t i n g  a r e  measureaents r e l a t e d  t~ p lane ta ry  %nd 
s o l a r  systems dynamics. For example, very  aca . ra te  
measurements of t h e  r o t a t i o n  r a t e .  d i r e c t i o n  of t h e  s p i n  
axis .  and . . r b i t a l  m o t i ~ n  could b e  made. These measure- 
ments could e a s i l y  e s t a b l i s h  vhe the r  t h e  r o t a t i o n  is i n  
synchronous lock wi th  t h e  e a r t h  o r  i f  sane  form of pre- 
ces s ion  e x i s t s .  As t h e  p l ane t  r o t a t e s ,  twc o c c u l t a t i o n s  
could be observed p e r  r evo lu t ion  a s  viewed from t h e  
ea r th .  An o r b i t i n g  spacec ra f t  could observe seve ra l  
o c c u l t a t i o n r  p e r  day. Such measurements not  only a i d  
in e s t a b l i s h i n g  t h e  v a r i a t i o n  of t h e  atmosphere b u t  
g ive  a measure of t h e  tu rbu lence  which e s t a b l i s h e s  t h e  
u l t i m a t e  "seeing" c a p a b i l i t y  through t h e  Venuaian atmo- 
sphere  a t  microwave frequericies.  

Going t o  ou r  o u t e r  p l ane t s ,  t h e r e  is much work t o  
be  done. The f i r s t  d i r e c t  measurem-tr of t h e  J w i a n  
atmosphere w i l l  be  made by t h e  G a l i l e o  space probes.  
n . s se  probes, l i k e  t h e  PV prohes. vill l e s t a r h o r t  time 
u n t i l  they a r e  e i t h e r  crushed o r  t h e i r  s i g n a l  ex t in -  

-.-gilished by t h e  abso rp t ion  i n  t h e  atmosphere. The d a t a  



thay r e t u r n  w i l l  u l t h t e l y  determ1r.e i f  o t h e r  methods 
of u p l o r a t  ion a r e  poss ib le .  bong t h e  most c x i c i t  lng 
m b h t  be a hot  a i r  ba l loon miss ion t o  explore  t h e  
c i r c u l a t i o n  below t h e  v i s i h l e  cloud regions .  Though i t  
is t o o  e a r l y  t o  h o w  what might be poss ib l e ,  h i ~ h  tem- 
p e r a t u r e  e l e c t r o n i c s  w i l l  most l i k e l y  be required .  

Goinp towards t h e  i nne r  pa r t  of our s o l a r  system 
we f i n d  Uercury and t h e  Sun. The Mariner 10 spacec ra f t  
neasured s u r f a c e  temperhtttres on Hercury ranging f ran 
9 0  to  460mK. Rad ia t ive  t r a ~ i s f e r  models i n d i c a t e  t h a t  
tempera tures  a s  ltlgh a s  650°K (377°C) e x i s t  when Hercury 
is clo.:est t o  t h e  sun. ihe  precess ion of t h e  pe r ihe l ion  
of Hercuty has been used t o  t e s t  t h e  gene ra l  theory  of 
r e l a t i v i t y ,  howevrr. t h i s  r a t e  of precess ion is a l s o  
p a r t l y  caused by t h e  s o l a r  ob la t enes s  which d i s t o r t s  t h e  
g r a v i t y  f i e l d  o i  t h e  sun. Further t e s t s  of t h e  gene ra l  
r e l a t i v i t y  theory  could be f a c i l i t a t e d  by p lac ing a 
t ransponder  on t h e  s u r f a c e  of Mercury o r  by p lac ing a 
c l o s e  o r b i t e r  around t h e  sun. The s o l a r  o r b i t e r  could 
map t h e  g r a v i t y  f i e l d .  measure t h e  obla teness .  and c a r r y  
o u t  o t h e r  measurements of  f i e l d s  and p a r t i c l e s .  Keasure- 
ment of t h e  pe r ihe l ion  precess ion of o r b i t e r  could g i v e  
a n  w e n  b e t t e r  v e r i f i c a t i o n  of t h e  genera l  r e l a t i v i t y  
theory .  

E lec t ron ic  Hardware 

Uost convent ional  m i l i t a r y  e l e c t r o n i c s  w i l l  ope ra t e  
t o  130°C. T l~e re fo re ,  a t  100°C i t  is s impler  t o  a s k  what 
w n ' t  work than  what w i l l .  Even thounh many components 
w i l l  s t i l l  func t ion  t o  150°C. very few e l e c t r o n i c  systems 
w i l l  f unc t ion  proper ly .  Theref ore ,  e l e c t r o n i c  systems 
must be  designed s p e c i f i c a l l y  t o  reach t h i s  t w p e r a t u l e .  
As ve g o  beyond 200°C. many s tandard  c~mponen t s  and 
packaging techniques  begin t o  f a i l .  By 30O8C, very f e v  
s i l i c o n  semiconductor dev ices  cont inue  t n  opera te .  A. 
we go beyond 150°C it is e s p e c i a l l y  important t o  consi -  

d e r  what i n  r e a l l y  needed f ~ r  space  exp lo ra t ion ,  a s  w e r y  
good des igner  vould l i k e  t o  have everythlng,  and w e r y -  
t h ing  could be  much too  expensive. 

There a r e  on ou r  llst of ccna:o~rents and systems 
many of t h e  same t h i n g s  t h t  a r e  required  f o r  we l l -  
logging instumencntion, s o  t o  t h e  deg ree  t h a t  i n s t r u -  
mentation requirements a r e  more o r  l e s s  i d e n t i c a l ,  opera- 
t i o n  t a  300°C should be p o s s i b l e  us ing hybrid c i r c u i t  
techniques  developed f o r  wel l - logging.  A f a i r l y  good 
su~ar~ry of t h e  limits of e l e c t r o n i c  components was given 
by Veneruso (1979). Huch work has  been repor ted  by 
Palmer (1977). Palmer and Heckman (1978). Pul .er  
(1979). and Pr ince  e t .  a l ,  (1986) desc r ib ing  t e s t s ,  
des ign r u l e s ,  and f a h r i c a t i o n  of e l e c t r o n i c  c i r c u i t s  
s u i t a b l e  f o r  many ins t rumenta t jon  systems. Ilowever. our  
list conta i l i s  some i tms no: e s s e n t i a l  t o  t h e  wel l -  
logging indust ry .  These a r e :  

1. High temperature p e r  sou rces  

2. U l t r a  s t a b l e  o s c i l l a t o r s  and c locks  

3. VHF. UHF, and 3icrowave t r a n s m i t t e r s  

4. Antennas 

5. Electromechanical  ac tua to r s .  motors, 3nG 
guidcnce systems 

6. Specia l  deployment canponcnts and systems 

The power sou rce  is s o  important t h a t  it is placed 
f i r s t  i n  t h e  list. An e f f e c t i v e  way t o  eva lua t e  power 
sou rces  fo r  space  a p p l i c a t i o n s  is by f i g u r e s  of watt. 
hours per  kilogram. watt  hours pe r  cublc  cent imeter .  
and wat t  hours per  d o l l a r ,  The l a s t  measure is o f t e n  
t h e  most d i f f i c u l t  t o  ob ta in  a s  most high t enpe ra tu re  

Table I. High Temperature Energy Sources - 
Energy Temperature Max 
Dev i c e  Type Manufacturer Range Vh/kg Whlcc Watts E f f i c i ency  --- .- 

LithiumICarbon Primary Power Conversion -56' t o  610°C 270 0.41 0.90 N A D-size t e s t e d  
Inc  . a v a i l a b l e  

LithiumlCarbon Primary Electrochem -30" t o  15I'l0C 515 0.98 9.60 NA D-size t e s t e d  
I n d u s t r i e s  a v a i l a b l e  

SodiumINiPS) Secondary EIC 130. - - - - Exper ime.>tal 

Sodium/Sulfur Secondary General E l e c t r i c  280" t o  350°C 156 - - - Experimental 
Fused S a l t  

LiS !,/ FeS Secondary Rockwell 400" t o  450.C 79 - - - Exper fmental  
Fused S a l t  I n t e r n a t  ion51 

Sd.ium/Su l f u r  Secondary Marcoussis 280' t o  350°C 200 - l 0 .b  8 OX Exper lmental  
Fused S a l t  

P h o t w o l t a i c  S i l i c o n  W ~ Y  < 150°C N A NA NA -12% Avai lable  i n  
@ 20.C many s i z e s  

Photovol ta ic  GaAs Roc &el 1 < 3o0°C N A NA NA -14% Experimental  
I n t e r n a t i o n a l  @ 20.C .25cm x .25cm 

Thermal pyro- Aerospat i a l e  -40. t o  50°C < 2 0  ~ 0 0 7  - - Avai lable  i n  
E l e c t r i c  hen. technique many s i z e s  

General  E l e c t r i c  < 500.C 
6 

b d i o  I so tope  P t  238 > 0.5 x 1 0  - - 4 w i h  0.25% Requires  
Themion ic  @ (Xlsta~ 
(;.oarator 300.K Deslgn -- 



power sources a r e  not caanercial ly  avai lable .  Table I 
srtocarizes soae of t h e  power sources t b t  a r e  e i t h e r  
avai.  r b l e  or a r e  known t o  operate  a t  extended tempera- 
t u r e  ranges. Certain special  m e ~ h a ~ c a l  and electro-  
mechanical s torage systems-have not been included. For 
example steam engines. compressed gas, internal  cambus- 
t ion  engines, and wlnrlmills. The unc of such systems 
should not be discounted, a s  J? iev of these may be 
en t i re ly  pract ical .  For example, t h e  atmosphere of 
Jupi ter  is mostly hydrogen. The operation of a in te r -  
n a l  combustion engine fueled on hydrogen is q u i t e  prac- 
t i c a l  i f  an oxidizer is carr ied on the  probe. Table I .  
then, concentrates on d i r e c t  e l e c t r i c a l  p w e r  systems 
not requiring t h e  conversion fram mechanical t o  e l e c t r i -  
c a l  energy. 

The primary b a t t e r i e s  l i s t e d  in- Table I have very 
high energy d e n s i t i e s  campared t o  most primary or  
secondary c e l l s .  They a l s o  have good storage capabi l i -  
ty ,  which is essen t ia l  s ince  many missions require  s i x  
months t o  several  years t o  a r r i v e  a t  t h e i r  intended 
ta rge t .  'Ihe present temperatures l imi t  f o r  commercially 
avai lable  primary b a t t e r i e s  is about 150°C. The fused- 
s a l t  b a t t e r i e s  l i s t e d  do not begin t o  operate  u n t i l  the  
mater ials  fuse. These b a t t e r i e s  can be stored i n  t h e  
charged s t a t e  indefini te ly b e l w  the  temperature of 
fusion. Since the  lovest temperature ba t te ry  is the  
sodium-sulfur type which begins t o  operate fieat 280°C, 
there is a range between 150. and 280°C for  which no 
b a t t e r i e s  a r e  presently avai lable .  Fused s a l t  b a t t e r i e s  
can operate t o  500eC, s o  they a r e  ideal f o r  Venus land- 
ers.  Although a l a rge  number of experiments on various 
f lsed s a l t  c e l l s  have been run, only two types of c e l l s  
have received s u f f i c i e n t  study t o  be manufactured. The 
work on Sodium-Sulfur c e l l s  has been reported by Mitoff, 
Brei ter ,  and Chat te r j i  (1977) and Chatterji .  Hi t to f f .  
and Brei ter  (1977). Work on the  Lithium-Silicon/Iron 
Sulf ide b a t t e r i e s  has been reported by Sudar. Heredy, 
Hall, and McCoy (1977). Host work s h c e  then has been 
directed a t  manufacturing la rge  c e l l s  f o r  indus t r ia l  
load leveling and f o r  e l e c t r i c  vehicles ,  therefore, a 
wide range of s i z e s  a r e  not avai lable .  

Energy sources tha t  could support longer missions 
than possible with b a t t e r i e s  are:  1. photovoltaic * e l l s .  
and 2. themionic c e l l s .  Photovoltaic c e l l s  may be 
usable i f  the  power requirenents a r e  not too large.  
High l i g h t  i n t e n s i t i e s  a r e  generally not ava i lau le  deep 
i n  the  atmosphere of Venus and a t  the outer  planets,  
thus the s o l a r  c e l l  array s i z e s  would have t o  be f a i r l y  
l a rge  t o  provide even 20 t o  30 watts. Si l icon c e l l s  a r e  
not usefu l  a w e  200°C, although work is being done t o  
extend t h e  temperature range f o r  use with l a rge  concen- 
t r a t o r s .  CaAs c e l l s  s b w  t h e  g rea tes t  p r a i s e  f o r  op- 
e ra t ion  a b w e  2OO0C, although t h e i r  eff ic iency w i l l  de- 
crease. Tests of a few s m p l e s  of GaAs c e l l s  supplied 
by Rockwell In te rna t io ta1  showed a near l i n e a r  decrease 
in terminal vol tage wit11 increased temperature. N- 
though these  c e l l s  survived t h e  350°C tes t ing ,  t h e i r  
eff ic iency a t  this temperature went t o  zero. 

Themionic c e l l s  o r  generators operate by establish- 
ing a tmpera ture  differenre on two junctions formed of 
d i ss imi la r  metals. Two types of themionic generators  
a r e  l i s t e d  i n  Table I. The pyrotechnique generators 
suf fe r  f r a n  a low energy t o  weight r a t i o ,  but could po- 
t ~ t i a l l y  operate t o  a higher temperature than t h e  pr i -  
mary c e l l s .  Carnercially avai lable  c e l l s  are rated 
only t o  6S°C. Tbese generators operate only f o r  a short  
time following ign i t ion  (30 seconds t o  a feu  hours). 
During th io  tine the energy must be used or i t  is ios t .  
The Radioimtope Themionic Generator (RTG'e) a t f f e r  
f r a n  many of t h e  rcme problms,  tut t h e i r  energylweight 
ratio is much g r u t e r  t h n  any other  power aource. The 
life-time of the# generators is controlled by the  half-  
l i fe  of Fu 238 which i r  th. moat caa~l~on heat rource (86 
years). A typ ica l  power rource, ouch a s  the  ones used 

on the  Voyager spacecraft,  generate about 150 watts over 
a ten-year period and weigh about 40 b. The eff iciency 
of themionic generator is proportional t o  s a e  fixed 
percentage of t h e  Carnot eff ic iency,  thus t h e  ef f i c i a c y  
decreases l i n e a r i l y  with increased temperature on t h e  
cold s i d e  of t h e  junction. Typical high-side t a p e r a -  
t u r e s  a r e  near 1280' 1. I f  the  high-side t e p e r a t u r e  
ra ra ins  fixed, t h e  Qrnot eff ic iency would bc about 2.5 
times poorer on the  surface of Venus than on earth. 
Hinher e f f ic ienc ies ,  of course, a r e  possible  i f  t h e  
high-side junction t a p e r a t u r e  can be raised. This re- 
qu i res  e i t h e r  higher powered radioacttve mate r ia l s  o r  
ways t o  reduce the  heat t rans fe r  thrfugh the  themionic 
converter. Higher powered radioisotopes probably imply 
shorter  half-lives. so t h e  t o t a l  energy ma;* not change 
great ly.  In s p i t e  of th i s .  the  f u t u r e  f o r  RX's looks 
good when long missions a r e  t o  be considered, aa no 
other  power source is presently avai lable .  

Ultra  Stable  Osc i l l a to rs  

Ultra s t a b l e  o s c i l l a t o r s  (USO's) a r e  used t o  
conrrol the frequency and timing of a l l  s igna ls  i n  the  
space probe. Hicrowave s igna ls  a r e  generated by multi- 
plying the hasic o s c i l l a t o r  o r  some lover frequency 
d e r i w t i v e  of it by a s e r i e s  of simple mul t ip l ie r  
stages. As a r e s u l t ,  any phase j i t t e r  o r  frequency 
var ia t ion  of the IISO is multiplied by the same r a t i o .  
Ttus, t h e  puri ty  of t h e  f i n a l  s ignal  is control led by 
the I'SO. Lower frequencies a r e  usually generated by 
counting the US0 frequency down with d i g i t a l  counters. 
The short term s t a b i l i t y  is most important fo r  the 
transmission of information. while the long ' e m  s ta -  
b i l i t y  is most important for  maintaining timfng of 
sequences of operations and for  guidance and tracking. 
High qua l i ty  USO's maintain long term s t a b i l i t i e s  of a 
few par t s  i n  10l0 and short term s:abi l i t ies  several  
orders of magnitude be t te r .  Relatively l i t t l e  is 
presently known about the s t a b i l i t y  a t  temperatures 
above 100°C. In  order t o  determine what might be 
possible, sdverai  experimental o s c i l l a t o r s  a r e  being 
designed a t  JPL for  operation a t  325'C. These u n i t s  
use spec ia l  c rys ta l s  cut t o  have a zero temperature 
coeff icient  a t  that  temperature. The o s c i l l a t o r  elec- 
t ronics  is being fabricated with the standard hybrid 
c i r c u i t  techniques. Experimental o s c i l l a t o r s  have 
already been tested a t  280°C with off-the-shelf crys- 
t a l s .  This c i r c u i t  operated vlthout f a i l u r e  during the  
two-week t e s t  period. The s t a b i l i t y  of c r y s t a l  o s r i l -  
l a t o r s  a t  high temperatures depends nt>t only upon rhe 
s t a b i l i t y  of c rys ta l  and i t s  Q, but or the d r i f t s  i n  
the other electronic  components. Clf.,rly. components 
w i l l  age f a s t e r  a t  high temperatures, and s t a b i l i t i e s  
a r e  sure t o  be poorer than obtained a; room temperature 
or wit;. the best oven controlled c r y s t a l  o s c i l i a t o r s .  
Jus t  how much poorer is a question tha t  remains t o  be 
answered. 

Transmitters 

The measurements of s c i e n t i f i c  data  i n  a high 
tetnperature environment is of l i t t l e  use unless the 
infcrmation can be sen t  out of the environment. In  the 
case of planetary exploration, the only feas ib le  comu- 
nicat ions channel is v ia  radio. The choice of wave- 
lengths i e  d ic ta ted  by the  tran-parency of the atmo- 
sphere, the f e a s i b i l i t y  cf the cntenna s t ruc tures ,  the  
a v a i l a b i l i t y  of receiving equipn~cnt. and the  background 
noise level .  I n  the car? of Vettus, the atmosphere 
becomes opaque i n  the cu range, and a one-way trans- 
mission l o s s  of 5 dB is encountered f o r  4 cm waves. 
Since Venus has no appreciable ionosphere, Longer wave- 
lengths pass freely.  The physical s i z e  of antennas f o r  
wavelengths longer than a few meters probably restricts 
the low frequency range t o  100 MHz. The radio back- 
grr,und noise is contributed by the thermal rad ia t ion  
from the planet and the  radiat ion from f r e e  space. The 



free apace background radiation becomes smaller as the 
wavelength is shortened, so shorter wavelengths are 
generally preferred. Therefore, any transmitter tech- 
nology that can operate in the frequency range from 
100 Mlz to 3 GHz is a potential candidate for our 
purposes. If we restrict our study to devices that 
could operate above 150°C. we find only vacuum tube and 
GaAs semiconductor devices. In the case of vacuum 
tubes, there is no reason to believe that a wide variety 
of devices would not work if special precautions were 
taken in fabrication. Included as possibilities would 
be Klystrons, 'TWT's, and standard ceramic vacuum tubes. 
Ot these only the ceramic triode vacttum tubes have been 
tested to temperatures of 450°C and found usable. A 
small pulsed oscillator is being desiqned and fabricared 
by General Electric for testing at JPL. This oscillator 
could be used as a beacon, a simple telemetering de- 
vice, or possibly a radar altimeter. Vacuum tube de- 
vices have the potential or operating at either con- 
tinuous low power or high peak pulse power, thls they 
are ideal for pulsed radar and beacon applications. 

CaAs transistors are available and pr~vide the 
possibility of higher efficien..es than vacuum tubes, 
since no heater power is required. GaAs transistors 
supplied hy Hicrowave Semiconductor Corporation have 
been tested at JPL to temperatures as high as 210°C 
for a period of 10 days with no noticeable deteriora- 
tion of the S-band performance. Operation of tnese 
devices to higher temperatures is likely to be possible 
with reduced efficiency. 

Given that a suitable transmitter can be designed 
and fabricated, the power must be radiated Lo the 
observer. Antennas are passive devices constructed of 
metal and insulators. They must be structurally solid 
enough that the deformations are small compared to the 
scale size of the wavelength. In general, the more 
directive the antenna is, the more important is the 
structural integrity. Also important is the resis- 
tivity of the metal surfaces at high frequencies, that 
i?, the losses in the antenna are contributed by the 
currents flowing near the surface of the met..l, there- 
rare, since the resistivity increases with t..aperature, 
the losses will be larger at high temperatures. 
Exposed antenna surfaces will most likely have to be 
gold plated to insure that active gasses in the atmo- 
sphere will not react with the metal raisin5 the 
resistivity and increasing the losses. Some antenna 
components employ ferrite devices for switct,ing, isola- 
tion, hybrid combiners, and so forth. Many ferrites 
reach their Curie point at failly low temperatures, 
and devices dependent trpon high frequency magnetic 
nc%terials may not be available to the designer. Other- 
wise. the Antenna system is not considered to be a 
serious problem, but syscems :n point it are likely to 
be a greater problem. 

Electromechanical Devices 

Electromechanical devices include such things as 
motors, solenoids, relays. resolvera, synchros, and 
so forth. Transformers are also o~ually included as 
simple machines even though they do not employ mechan- 
ical motion. Both adequate magnetic materials and 
magnet wire exist for fabrication of transformers for 
operation to 500°C. Transformers have been built for 
even higher temperatures, however, colnmercial suppliers 
are scarce. Recently, transformers have been built by 
General Magnetics for testing at JPL for temperature8 
to 350°C. These transformers have opera !d for several 
hundred hours at temperatures between 200°C to 30n°C. 
As a result, we believe thet electromagnetic devjces 
of all types can be designed. Presently under teeting 

are several transformers and reed switches. High tem- 
perature motors were demonstrated by General Electric 
in the 1950's. but apparently this technology has been 
lost. At the present time, few high temperature 
electromechanical devices can be found, but mndifica- 
tions of standard designs ciimld be possible simply by 
arbrtituting high temperature materials for the stan- 
dard materiala. 

Deployment Devices 

Spacecraft designers have a number of favorite 
devices for deploying spacecraLt systems. Among these 
are various pyrotechnique devices suck as exploding 
bolts. All pyrotechnique materials become increasinply 
unstable as the temperature increases, and the use of 
such devices at high temperatures seems out of the 
question unless insulation or cooling is provided. A 
number of other deployment techniques seem applicable. 
For example, since the temperature increases as we 
enter the planetary atmospheres, va-raus fusable pins 
and plugs can be used to initiate deployment. Pressure 
sensitive devices may also be practical. 

Conclusions 

There are many applications requiring high temper- 
ature electronics for space exploration. Presently, 
there seems to be no applications requiring systems 
operating above 500°C, where very few electronic com- 
ponents continue to operate. A number of important 
missio.rs can be carried out with 300°C electronics, 
most interesting would be the low altitude balloon 
studies of the Venus. Even more extraordinary would 
be 2 low altitude airplalle imaging system flying only 
a Few hundred meters above the surface. Although it 
nay be several years before such missions could be 
considered seriously, a balloon system to study the 
Venusian ntmospl re at an altitude of 4 0  km is being 
designed by cne i'rertcL SF=:= .?~ency and initial studies 
of 300°C electronics are being ~arried out at JPL for 
a possible b; lloon mission near an altitude of 18 km. 

Electronic systems that are required include 
ir~struments, modulators, ultra stable oscillators, 
transmitters, power supplie-. and power sources. Many 
of these systems would benefit from further work in 
high temperattire semiconductors. Fspecially lacking 
are high temperature diode rectifiers and microwave 
transistors. New developments in GaAs and Gap devices 
worild greatly aid in simplifying the de igc of high 
temperature systems. The ultimste 500°C applications 
will require new technology. Further work on Sic 
semiconductors seem appropriate. The idtegrated 
thermionic circuits being developed by FfcCormick (1978) 
at Los Alras ScientiLic Laboratory coupled with ceramic 
triode transmitters by General Electric could provide 
the basic building blocks for the first entry into the 
area of 500°C exploration, 
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NEEDS FOR HIGH TEMPERATURE ELECTRONICS IN FOSSIL ENERGY PLANTS 
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The purpose of this paper is to present needs 
tor high temperature electronics in fossil energy 
pltrnts by first discussing several case histories 
on applications and second by discussing the 
measurement methods. This will present some of 
tire typical operating canditions enc0untere.i in 
addition to temperature as well as the electronic 
requirements of high temperature transducers. 
Emphasis will be place,: on unmet measurerlent needs 
as identified in a Sta~e-of-the-Art suney.l 

Process temperatures in synfuels plants have 
wide ranges which may he grouped as follows: 

1. Ambient ( -4PeC to + 125'~) (nolai plus 
self heat in enclosures); 

2. 800°F (426°C) limit for carbon steel 
piping; 

3. 1500-1700°F (800-925OC) in combusto: 
effluents; 

4. 2500-3200°F. in oxygen fed combustors 
and magneto hydrodynamic chanr.els. 

Oil and gas well logging tools encounter 
operating temperatures of LOO0-200°C. 
Under sodium viewing and signalling in 
fast breeder reactors cnn be done at 
400°F (200°C) during loading or shutdown 
conditions. 

Measurement methods include: 

1. Ultrasonic, ve10:-ity by time difference 
and by Doppler rffect (using piezoelectric 
transducers) as well as noise vibration, 
erosion and ~afety related measurements; 

2. Electromagnetic induction, pressure gauges 
and f 1owmr.ters; 

3. Capacitive, velocity by cross-correlation 
and present-by-weight solids in two 
phase (slurry) flows. 

All of these, especially the piezoelectric 
and capacitive transducers, may benefit substantially 
by placement of preamplifiers or pulserlreceivers 
near thh transducers to transmit high level, low 
impedance analog signals or, in the future, fully 
digitized signals. 

Future fossil energy plants will require 
automated control for effjciency, safety and 
environmental acceptability. Electronics and 
transducers capable of operating at and with- 
standing temporary high temperatures will be needed. 

IN. I,. O'Fallon, et al., A u d y  of the State-of-the- 
Art of Instrumentation for Process Control and Safety 
in Large-Scale Coal Gasification, Liquefaction, and 
Fluidizedad Combustion Systems, Final Report, 
ANL-76-4 (January 1976). 
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FOP PRESENT AND FUTURE NUCLEAR INSTRUMENTATION 
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Electronics used In nuclear instrumentatior? is 
compromisea by restrictions relative to the environ- 
ment (teverature, radiation, pressure, etc.). 
Electronics, by necessity, must be located at 
considerable distances from the measuring point. 

There will inevitably be many ia,.ovements 
made in in~tr~mentation and controls because of the 
three-mile-island incident. Improved electronics 
capability will complement this surge for safer 
controls. 

Other areas, such as diagnostics, will advance 
rapidly as ability to withstand harsh erivironments 
bacomes reality. The remoteness of temperature 
measurement electronics significantly reduces 
time response. Minimum response time in the 
infant controlled fusion plasma diagnostics and 
control is vital. 

Fluid density measurements would benefit 
from slectronics mounted close to a gamma densito- 
meter detector. This would improve response time 
and stability. 

In conventional nuclear reactor ins~rument 
applications, a continuing engineering problem is 
the large number of pressure boundary penetrations 
necessary. With electronics capable of withstanding 
severe environments, the number of penetrations 
could be greatly reduced. 

Fiber optics and electronics together capable 
of resisting temperature and radiation, in the 
nuclear reactor realm, would grra~ly enhance 
measurement capability alorrg with reducing 
mechanical cablinr and penetration requirements. 





HIGH mPERAtURB EtECTRONIC RGQUIR6MENTS IN AEROPROPUUION SYSTP(S 
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C l e w l a r d ,  Ohio 44135 

This  paper d i s c u s s e s  t h e  needs f o r  high tempera- 
t u r e  e l e c t r o n i c  and e l ec t ro -op t i c  dev ices  a s  they 
would be used on a i r c r a f t  engines  i n  e i t h e r  research  
and d e w l o p e n :  a p p l i c a t i o n s ,  o r  ope ra t  l o l a 1  appl ica- 
t i o n s .  The conclus ion reached is t h a t  .he tempera- 
t u r e  a t  which the  dev ices  must be a b l e  t o  funct ion  is 
i n  t he  neighborhood o f  500' t o  6UOm C z i t h e r  f c r  R6D 
o r  f o r  ope ra t iona l  app l i ca t ions .  In  RM) a p p l i c a t i o n s  
t h e  dev ices  must funct ion  i n  c h i s  temperature range 

n when i n  t he  e w i n e  but on ly  f o r  a moderate period of 
time. On an ope ra t iona l  engine ,  t h e  re1iabi: i ty 

& requirements d i c t a t e  t h a t  t he  dev ices  be a b l e  t o  be 
burned-in a t  tempera tures  s i g n i f i c a n t l y  higher than 
those a t  which they w i l l  funct ion  on the  engine.  The 
major po in t  made is t h a t  semiconductor technology 
must be pushed wel l  beyond the  l e v e l  a t  which s i l i c o n  
w i l l  be a b l e  t o  function.  

In t roduct  ion 

The purpose o f  t h i s  paper is t o  desc r ibe  the  
needs f o r  high temperature e l e c t r o n i c s  i n  the  air- 

c r a f t  engine  f i e l d .  The viewpoi:., e x p - e ~ s r d  i s  a s  
seen f r a a  t he  Lewis Research Cer.:er of NASA in l i g h t  
of the  f a c t  t h a t  a major element of t hc  G n t r r e s  
miss ion is t o  p e r f o m  bas i c  research  and development 
aimed a t  i m p r ~ v i n g  aeropropuls ion systems. This view 
is a l s o  based ?n d i scuss ions  of t h e  t op ic  wi th  many 
o t h e r  groups involved i n  aeropropuls ion both i n  
government and indust ry .  

The major a r e a s  o f  research  and deve:opment i n  
t he  a i r c r a f t  englne  f i e l d  coday a r e :  (1 )  higher fue l  
e f f i c i e n c y ,  ( 2 )  g r e a t e r  d u r a b i l i t y ,  and ( 3 )  reduced 
emissions,  both gaseous and acous t i c .  There i s  a 
fou r th  major a r e a  of work which is not t i e d  so  d i r -  
e c t l y  with labora tory  research  and developmen; but 
with f l y i n g  ope ra t iona l  engines.  ' ihls a r ea  is the  
reduct ion  o f  d i r e c t  opera t ing  c o s t  v i a  reduct ions  i n  
t he  c o s t  o f  mainterance and improvements i n  c o n t r o l  
systems. This may well be the  most s i g n i f i c a n t  moti- 
va to r  of a l l  when one g e t s  t.3 the Sotcom l ine .  

In t h i s  paper we w i l l  endeavor t o  show tha t  a l l  
these  a P a s  of work, s epa ra t e ly  and toge the r ,  provide 
s t rong  m;.ivation f o r  development of  high temperature 
e l e c t r o n i c  and e l ec t ro -op t i c  devices .  

Requirements f o r  Ground Tes t ing  of Engines 

In t h i s  s e c t i o n  we w i l l  d i s cuss  the  need f o r  
high tenipcrature e l e c t r o n i c s  f o r  opera t ion  on the hot 
r o t a t i n g  t u r b i n e  d i s k s  of engines used f o r  research  
and advanced development. One urgent requirement is 
f o r  a mu l t ip l exe r  opera t ing  a t  500' t o  600' C. 

The development o f  a new a i r ~ r a f t  engine  is a 
very long and expensive process.  The process can 
t ake  a s  long a s  10 yea r s  from s t a r t  on t h e  drawing 
board t o  f i r s t  engine  c e r t i f i e d  t o  f l y .  During t h i s  
yrocers  many prototypes  a r e  b u i l t  f o r  t e s t i n g  and 
development purposes. These proto types ,  a s  wel l  a s  
i nd iv idua l  engine  components, a r e  operated repeatedly  
i n  ground t e s t  f a c i l i t i e s .  For each of t hese  t e s t  
runs the  engine o r  component is ins t runented  with the  
maximum number of r en ro r s  p o s r i b l e  s o  t h a t  a s  much of 

t he  d e s i r e d  information a s  p s s i b l e  i s  obta ined from 
each f a c i l i t y  run. Ewn  a f t e r  an  e l l l i ne  is c e r t i f i e d  
f o r  f l i g h t .  problems a r i s e  i n  its ope ra t ion  on a i r -  
c r a f t ,  o r  ways of improving i ts  ope ra t iona l  charac- 
t e r i s t i c s  hecore apparent s o  t h a t  t h i s  t e s t i n g  pro- 
c e s s  con t inues  e l l  i i t o  t h e  u s e f u l  l i f e  of an  engine  
model. An example of c h i s  is the  REFAN program con- 
ducted by NASA t o  modify engines  l i k e  those  on t h e  
DC9 and t h e  Boeing 727 t o  reduce t h e  acous t i c  noise.  
This modrl engin?  had been i n  s e r v i c e  for  many yea r s  
but new p res su re s  genera ted  by e n v i r o m e n t a l  concerns 
made it d e s i r a b l e  t o  go  back and redes ign p a r t s  o f  i t  
f o r  reduced no i se  emission.  T h i l  program. by t h e  
way, led t o  t h e  improved engine  now or? t h e  new 
s t r e t ched  DC9. 

The ne t  r e s u l t  of a11 t h i s  is t h a t  engine and 
engine compnen t s  rece ive  a l o t  of t e s t i n g  and t h i s  
is a very expensive process. An ind iv idua l  new 
engine can c ~ s t  J few m i l l i o n  d o l l a r s  per copy. I t  
can t ake  the  o rde r  of twenty of t hese  t o  come up wi th  
the  f i r s t  c e r t i f i a b l e  copy. The c o s t  t o  t e a r  dovn an  
engine ,  prlt i n  new senso r s  and wiring.  and re bull^ 
f o r  a:.othe~ t e s t  run  is f r e q u e n t l y  upward of a 
q u a r t e r  m i l l i o ~ r  d o l l a r s .  On top  o f  a l l  t h i s  is t h e  
f a c t  t h a t  t h e  c o s t  of  performing t h e  t e s t  run i t s e l f  
is skyrocket ing  because of t h e  r i s i n g  c o s t  of engine  
t u e l  and t e s t  f a c i l i t y  ope ra t ing  power. A t y p i c a l  
engine t e s t  s tand capable  of a l t i t u d e  f l i g h t  r i m l a -  
t i o n  uses  upwards of  50 megawatts. 

These t e s t i n g  c o s t s  provide - tremendous i rpecus  
t w r r d  g e t t i n g  a s  many senso r s  on an engine  a t  cnr 
time a s  poss ib l e  i n  o rde r  t o  reduce t h e  number of 
r e b u i l d s  and t e s t  runs. Th i s  is accentuated  by t h e  
f a c t  chat every r ebu i ld  gene ra t e s  a poss ib l e  assembly 
e r r o r  which on r a r e  occas ion can z e s u l t  i n  c a t a s -  
t roph ic  f a i l u r e  causing l o s s  of  engine  and/or p a r t  of 
t he  f a c i l i t y  i t s e l f .  

What c u r r e n t l y  l i m i t s  t h e  number o f  s enso r s  
which can be i n s t - l l e d  and u t i l i z e d  f o r  one t e s t ?  To 
answer t h i s  one must look a t  t h e  c u r r e n t  reasons  f o r  
engine RtiD. A s  was mentioned i n  t h e  In t roduct ion .  
two of the  main motives f o r  R I D  a r e  reduced f u e l  
consumption, and g r e a t e r  d u r a b i l i t y .  In  t h i s  a r e a  o f  
work, d e t a i l e d  measurements on che hot r o t a t i n g  tu r -  
b ine  a r e  required .  The example we w i l l  d i s c u s s  i s  
the  need f o r  d a t a  from t h i s  turbine .  Here is where 
the  need f o r  high temperature e l e c t r o n i c s  a r i s e s .  

A fundamental law of thenndynamics ,  t h e  Camot  
theorem, says  chat  g r e a t e r  e f f i c i c n c y  r e s u l t s  f r a a  
higl.rr t u r b i n e  i n l e t  temperature.  Another fundament- 
a l  law ( r e l a t e d  t o  Chat of Murphy) s a y s  t h a t  h o t t e r  
r o t a t i n g  machineiy i s  e i t h e r  l e s s  du rab le  o r  weighs 
more. Pa r t  of che process ,  thcn,  of producing more 
e t r i c i e 3 t  and du rab le  engines  is one of ob ta in ing  
information about t h e  tempera tures  and s t r e s s e s  with- 
i n  t he  t u rb ine  t o  a l e v e l  of d e t a i l  never be fo re  
attempted. The l e v e l  of d e t a i l  needed i n  a par-ticu- 
l a r  sect:on of t h e  engine  is, i n  f a c t ,  propor t fonal  
t o  t h e  s e v e r i t y  of cond i t i on*  i n  t h a t  sectit-n because 
the  margin fo r  e r r o r  i s  l e s s  i n  t hose  s e c t i o n s  vhere  
t he  tempera tures  and s t r e s r e r  a r e  t h e  g r e a t e a t .  T h i r  
l eads  t o  t h e  need f o r  f a r  more d a t a  than eve r  be fo re  
from the  ru rb ine  d i s k r  and blades.  Th i s  is t h e  
h o t t e s t  pa r t  of t h e  engine  o t h e r  than t h e  combustor 
i t s e l f .  In t he  t u r b i n e  t h e  tempera tures  a r e  not  only 



very h i g h  but  t h e y  a r e  a l s o  very non-uniform due  t o  
eoolim f l o e  throbgh -11 b l e e d  h o l e s  w i t h i n  t h e  
b lader .  

There wrf s w  c o n d i t i o n s  t h a t  r a k e  f c l l  
i n s t r r w n t a t i o n  o f  t h e  t u r b i n e  a a n d a t o r y  a l s o  make 
r e l i a b l e  i n s t n m e n t a t i o n  -st d i f f i c u l t .  I n  c t u r -  
b i n e  test o f  t h i s  type .  i t  is n e c e s s a r y  to o b t a i n  
d a t a  f r tm t h e  o r d e r  o f  o n e  hundr td  s e n a n t s ,  l i k e  
t h e n w ~ o u p l e s  and s t r a i n  gmges. r o r n t e d  on the  r o t a t -  
i n g  b l a d e s  a d  d i s k s .  A l l  t h e s e  s e n s o r s  c a n  be 
I- l tnted bu t  r o u t i n g  t h e  leaduork  becomes imposs ib le .  
One is faced  w i t h  m u t i n g  a t c u  hundred w i r e s  down 
from the b l a d e s  and/or  d i s k  to the s h a f t .  F r c a  h e r e  
they  must be m u t e d  through a hol,? i n  t h e  hollow 
s h a f t  o u t  t o  sore t r a n s a i s s i o n  d r r i c e  such  a s  a s l i p  
r i n g  assembly or t e l e m e t r y  d e v i c e  t o  g e t  t h e  d a t a  
from the  r o t a t i n g  s h a f t  to t h e  s t a t i o n a r y  d a t a  haw. 
d1111g equipment. The problem is t h a t  t h e  h o l e  is t o e  
-811 and/or  t h e  w i r e s  a r e  t o o  t h i c k .  I f  t h e  h o l e  is 
made b i g g e r ,  t h e  s h a f t  h a s  t o o  l i t t l e  s t r e n g t h  and 
its mechanical  resonant  f r e q u e n c i e s  begin  t o  lie i n  
dangerous  reg ions .  I f  the w i r e s  a r e  made t o o  t h i n ,  
they bre.  e i t h e r  i n  i n s t a l l a t i o n  a n d / o r  i n  opera-  
t i o ~ .  Compounding t h i s  problem, i n  f u l l  s c a l e  e n g i n e  
t e s t i n g ,  is riw f a c t  t h a t  there is no t e l e m e t r y  sys-  
tem a v a i l a b l e  today  which i s  c a p a b l e  of h a n d l i n g  a i l  
t h e s e  c h a n n e l s  of d a t a  s i ~ u l t a n e o u s l y  i n  t he  severe 
e n v i r o r r e n t  where it must be  loca ted .  

The c u r r e n t  p r a c t i c e  is to b r i q  a11  t h e  w i r e s  
t o  t h e  d i s k  but  connec t  o n l y  a s  r s n y  a s  can  be 
brought th rough t h e  s h a f t .  A t t e r  t e s t i ~  is comple te  
w i t h  t h i s  conf i g u r a t i o n .  t h e  e n g i n e  is tor.1 Jovn 
s o l e l y  t o  a l l o v  c o n n e c t i n g  araother b a t c h  of  t h e  
wi res .  T h i s  p r o c e s s  is repea ted  maybe t h r e e  t o  f i v e  
Limes u n t i l  a l l  t h e  d a t a  is o b t a i n e d .  Not o n l y  is 
t h i s  a t e r r i b l y  e x p e n s i v e  p r o c e s s  but  by t h e  t ime  you 
g c t  t >  the  t h i r d  o r  f o u r t h  reassembly  of t h e  e n g i n e .  
many of t h e  s e n s o r s  a n d / o r  w i r e s  have f a l l e d  from 
e i t h e r  t h e  r i g a r s  of  t e s t i n g  o r  t h o s e  of  d i s a s s e u b i y  
and assembly.  Tkis whole s i t u a t i o n  is o b v i o u s l y  n o t  
very good. 

What is needed is e l e c t r o n i c s  which c a u  f u n c t i o n  
i.1 t h e  e n v i r o m e n t  i n  t h e  r e g i o n  of  t h e  t u r b i n e  
dis't .  Here t h e  t e m p e r a t u r e s  a r e  i n  the neighbor;.ood 
o f  500' t u  600' 5 and t h e  c e n t r i p e t a l  a c c e i e r a t i o n s  
a r e  t t n s  of  thousands  o f  G's. Uhat i s  needed most 
u r g e n t l y  i s  a m u l t i p i e x e r  s o  t h a t  a11  t h e  s e n s o r s  c a n  
be read o u t  d u r i n g  a s i n g l e  test run. C i v r n  t h e  
rechnology t o  b u i l d  t h e  m u i t i p l e x e r ,  t h e  n e x t  i t e m  of 
i n t e r e s t  r a y  be some form of a n a l o g  t o  d i g i t a l  con- 
v e r t e r  c a p a b l e  of  h a n d l i n g  t h e  m i i ~ i r c l t  l e v e l  s i g -  
n a l s  from themoccruples.  .4ddit icmally,  a i ~ i p h  tea- 
p e r a t u r e  t e l e m e t r y  system t o  send t h e  sig. .als  f r a  
t h e  r o t a t i n g  s h a f t  t o  a s t a r i o n a r y  r e c e i v e r  would oe 
h i g h l y  d e s i r a b l e .  The i d e a l  w u l d  be one  t h a t  
r e q u i r e s  no  c o o l i n g  because  g e t t i n g  c o o l i n g  a i r  f low 
t o  t h e r e  r e g i o n s  is n o t  o n l y  complex and e :pcnsivc 
b u t  a l s o  rhe c o o l i n g  a i r  f low i t s e l f  u p s e t s  t h e  cun- 
d i t i o n - ,  i n  t h e  e n g i n e  t o  some e x t e n t .  I t  should  b ?  
n o t e d  t h a t  t h e  c a p a b i l i t y  f o r  crlemet-:). m u l t i -  
p l e x i n g ,  and a n a l o g  t o  d i g i t a l  c o n w r s i s n  ir: t h i s  
e r v i r ~ m n t ,  e x c e p t  f o r  t h e  h igh  Lemperature,  h a s  
a l r e a d y  been d c l o n s t r a - e d .  

Uhat we have d e s c r i b e d  h e r e  is t h e  need f o r  
rugged e l e c t r o n i c s  t o  be used  a t  s i n k  t a p e r a t u r e s  o f  
atrout 500. or 600- C.  It is most impor tan t  th t  
t h e s e  d e v i c e s  work r e l i a b l y  f o r  t h e  o r d e r  o f  50 t o  
100 hours  a t  t e s t  c o n d i t i o n s .  ? h i s  is n o t  c o n t i n u o u s  
o p e r a t i o n ,  thaugh.  b e c a u s e  t y p i c a l  test r u n s  l a s t  
 fro^ 2 to 1 0  h ~ u r r .  More w i l l  be s a i d  about  r e l i -  
a b i l i t y  i n  t h e  n e x t  s e c t i o n  vhen we d e a l  w i t h  t h e  
problems encountered  mr e q i n e s  t h a t  are on w e r a -  
t i o n a l  a i r c r a f t .  

R e q u i r e m t s  f o r  C p e r a t i o n a l  l o g i n e s  

In  t h i s  s e c t i o n  we w i l l  d e v e l o p  t h e  needs  f o r  
h igh  t a p e r a t u r e  e l e c t r o n i c s  on o ~ e r a t i o r u l  engines .  
Oven though ue w i l l  arrive a t  t h e  s a e  tempera ture  
;eve1 r e q u i r e r r n t  of  500. to 600. C, it w i l l  be  f o r  a 
d i f f e r e n t  rraso-1. The f u n c t i o n i n g  tempera ture  level 
of t h e  e l e c t r o n t c s  on a n  o p e r a t i n g  e n g i n e  w i l l  be 
about 300' C but  r e l i a b i l i t y  w i l l  d i c t a t e  a much 
h igher  burn-in temperature.  

The most s i g n i f i c a n t  problem w i t h  o p e r a t i o o a t  
a i r c r a f t  e n g i n e s  today is t h a t  t h e i r  d i r e c t  o p e r a t i n g  
c o s t s  a r e  t o o  n igh  and g e t t i n g  h i p h e r .  C e r t a i n l y  t h e  
r i s i n g  c c s t  of  f u e l  is a u j u r  c u n i r i b u t o r  t o  t h i s  
problem. I t  is t h e  root r e a s o n  f o r  t h e  RID a u u d  a t  
reduced t u e l  ccnsumption. Llovever, f u e l  c o s t s  are 
not  the  only  major c o n s t i t u e n t  of d i r e c t  o p e r a t i n g  
c o s t .  Another -;or f a c t o r  is e n g i n e  maintenance. 
As t h e  e n g i n e s  beccae  w r c  s o p h i s t i c a t e d  and c a p l e x  
i n  t h e  i n t e r e s t  o f  reduced f u e l  c o n s u m p t ~ o n  and l o w r  
weight .  t h e y  a l s o  became more d i f f i c u l t  and c o s t l y  t o  
maintain.  T h i s  h a s  l e d  tc emphasis  on g r e a t e r  dur -  
a b i l i t y  a.hd tc m d u l a r i u t i m  uf e n g i n e  des igns .  

t k c a u s e  w seem t o  be h a r i n g  away a t  c o s t s  s o  
t d ~ d  h e r e ,  t h e  r e a d e r  may g e t  t h e  impress ion  t h a t  
t h e s e  problems apply  p r i m a r i l y  t o  t h e  c i v i l i a n  
f l e e t .  Not so. The m i l i t a r y  is a l s o  a c u t e l y  con- 
cerned  w i t h  t h e s e  c o s t  problems both  because  o f  t h e i r  
budget c o n s t r a i n t s  and because  t h e y  are f i y i n g  t h e  
l a t e s t ,  mcsr s o p h i s t t c a t e d  e n g i n e s  which have not y e t  
developed t h e  m a t u r i t y  and refinement of d e s i g n  t h n t  
u s u a l l y  l e a d s  :o reduced maintenance c o s t s .  

How does  ole knov when t o  p u l l  ar. e n g i n e  from 
s e r v i c e  and t e a r  it  down f o r  maintenance? The -st 
conmon c r i t e r i o n  is t h a t  a p a r t i c u i a r  caslponent of  
t:lr e n g l n r  h a s  o p e r a t e d  t o r  a p r e d e t e m i n e d  n u ~ b e r  o f  
hours  o r  c y c l e s .  Another c-n c r i t e r i o n  which is 
used r o  de te rmine  vhen t o  reao'Je an e n g i n e  1s t h a t  
t h e  r e q u i r e d  t h r u s c  cannot  be ach ieved  wi thout  
exhaus t  g a s  t e a p e l s t t a r e  exceeding  a p r m i s s i b l e  
leve l .  T h i s  tempera ture  is moni torea  t o r  j u s t  t h i s  
puxpqse. I f  t h i s  t empera ture  g e t s  t c o  h igh  t h e  t u r -  
b i n r  i i f e  i s  d r a s t i c a l l y  reduced. There a r e  o t h e r  
c r i t e r i a  used f o r  removing a n  e n g i n e  such  a s  t h e  
b e l c h i a g  of  s t r a n g e  looking f 1 . w -  or smoke from t h e  
t a t 1  p i p e  o r  t h e  emiss ion  o f  a t y p i c a l l y  cacophonous 
sounds snd v i b r a t i o n s .  Though t h e s e  w i l l  n o t  be 
cons l4ered  s i g n i f i c a n t  f o r  t h e  purposes  o f  t h i s  
paper. t h e y  a r e  u s u a l l y  c o n s i d e r e d  urgent  i n  t h e  
extreme by t h o s e  aboard t h e  a i r c r a f t .  

?he a p p r s a c h e s  t n  maintenance d e s c r i b e d  above 
a r e  nut  n e c e s s a r i l y  c o s t  e f f e c t i v e .  The f a c t  t h a t  a n  
e n g i n e  h a s  o p e r a t e d  f o r  s g i v e n  number o f  hours  o r  
c y c l e s  s a y s  n o t h i n g  o f  t h e  c o n d i t i o n s  under which it  
opera ted .  I n  t h e  i n t e r e s t  o f  s a f e t y ,  t h e s e  i n t e r v a l s  
a r e  u s u a l l y  S e i  s h o r t e r  t h a n  rea!ly necessary  s o  t h a t  
u i n t e n a n c e  is f r e q u e n t i y  performed on  a n  engine  t h a t  
rea!ly d o e s  not  need it. Exhaust  g a s  tempera ture  is 
only  r wry g r o s s  i n d i c a t o r  o f  h e a l t h  so t h a t  t h e  
engine may be i n  sore need of  mazntenance b e f o r e  t h i s  
c r i t - r i o n  demands ~ t .  An a l t e r n a t i v e  approach,  v h i c h  
l t rs been t r i e d  w i t h  same i n s t a n c e s  o f  s u c c e s s ,  is m .  
e n g i n e  m n : t o r i n g  system. Tt,r i d e a l  ~ ~ i t o r i n g  sys-  
tem would be on t h e  engine.  I t  should  c o l l e c t  d a t a  
on s e l e c t e d  e n g i n e  p a r r a e t e r a  and p r o c e r s  t h i s  d a t a  
t o  a Corm t h a t  i n d i c a t e s  v h e t h e r  t h e  engine  n e e d s  
maintenance.  p u i n t s  t o  t h e  c a p o n e n t  needing t h e  
maintenance.  and. perhaps ,  s p e c i f i e s  what u i n t e n a n c e  
is needed. Such J s y s l a ,  coupled  w i t h  t h e  l o d u l r r -  
i t y  of modern e n g i n e s ,  w i l l  a l l o w  r a p i d  a c c e s s  t o  t h e  
p a r t s  needing  r e p a i r  o r  r e p l a c c w n t  based on  a c t u a l  
p e r f m a a n c e  d a t a .  However. t h e  m d u l a r i t y  r e q u i r e -  
ment d i c t a t e s  t h a t  8t i e a s t  some of t h e  e l e c t r o n i c s  
requited f o r  e n g i n e  moni tor ing  be  l o c a t e d  on t h e  
engine.  1 

The need f o r  such  m e n g i n e  c o n d i t i o n  monitoring 
s y s t c r  l e a d s  r a t h e r  d i r e c t l y  t o  t h e  need f o r  h igh  



temperature e l e c t r o n i c r .  f h e  dev ices  needed here a n  
f o r  sensor  s ~ g t a l  c o n d ~ t i o n i n g ,  s igna l  transmissiotl .  
and a monitoring c a p u t e r .  C a p a d  wtth t h e  re- 
q u i r a e n t  d iscussed i n  t h e  previous s e c t i o n  on ground 
testim needs. the  dev ice  r e q u i n w n t s  d i c t a t e d  by 
t h i s  v n i t o r i n g  system a t  f i r s t  appear t u  be q u i t e  
h i g n .  There a r e  f a r  fever  sensors  needed. They 

prabrbly not  i n  t he  r o t a t i n g  e o v i r o m e n t .  The 
s i g n a l  condi t  ionillg. t r a n m i s s i o n .  an3 c m p u t  ing 
equipment w i l l  not  be  located  r i g h t  i n  t h e  verl, 
h o t t e s t  p a r t s  of t he  ellgine bur on t h e  o u t s i d e  ca s ing  
sacwhere :  where t i n  t-peratures a r e  lower. Careful  
cons ide ra t ion  o f  t h i s  s y s t r r ,  though. l eads  t o - t h e  
coaclus ion t h a t  t h e  r e q u i m e n t s  may v e i l  be a s  
d i f f i c u l t  t o  s a t i s f y .  

The cpe ra t ing  temperature r e q u i r w e n t s  f o r  t h i s  
m n i t o r i w  system r, ..1allv c a e  out t o  be about 300' C 
f o r  high perfomarise m i l i t a r y  a i r c r a f t  o r  t h e  poss i -  
b l e  fu tu re  supersonic  t r anspor t  .2 Titis temperature 
is s e t  by the  f a r t  t h a t  t h e  c o l d e s t  a i r  a v a i l a b l e  a t  
muimua speed and a l t i t u d e  is a t  what is c a l l e d  ram 
a i r  temperature o r  t o t a l  temperature a t  t he se  f l i g h t  
condi t rons .  Every o t h e r  a v a i l a b l e  f l u i d  temperature.  
except t ha t  of t he  fue l .  is higher.  Fuel coo l ing  o f  
the  e l e c t r o n i c s  is now being used i n  some c a s e s  but 
it  is very undesi rable  from t h e  s tandpoint  of com- 
p l ex i ty .  n i g h t ,  and leak po ten t i a l .  Thus 300- t o  
600' C seas a reasonable  t a r g e t  f o r  f l i g h t  engine  
monitoring devices .  This  l eve l  does not s e a  very 
severe  u n t i l  one cons ide r s  t he  problem of r e l i a b i l i t y .  

Whereas, i n  r h e  previous s ec t ion  w: came up wi th  
opera t ing  t i -  requirements of about LOO hcurs ,  i n  
the  f l i g h t  w n i t o r ~ n g  system ue need thousands of 
hours o t  abso lu t e ly  t roub le  f ree  opera t ion .  The 
primary reason f o r  t h i s  is t h a t  you w i l l  not reduce 
maintenance c o s t  i f  your monizoring sys t .  t a l l s .  
Fa i iu re  of the  monitoring system wi l l  r e s u l t  i n  
e i t h e r  premature engine  r e p a i r  o r  i n  aonitor1:;g sys- 
tem r e p a i r  o r ,  f a r  worse than these .  t he  i nd ica t ion  
t h a t  the engine is heal thy  when it is not.  This  
l eads  to the inescapable conclus ion t h a t  very h i g ~ t  
r e l i a b i l i t y  is needed. 

Corron p r a c t i c e  f o r  achieving high system r r l i -  
a b i l i t y  f o r  a g iven f u n ~ ~ i o n r l  t e w e r a t u r e  is t o  u s e  
corponents  t h a t  have betn  burned-in a t  a s i g n i f i c a n t -  
ly  h igher  temperature i n  order  t o  weed ou t  p o t e n t i a l  
f a i l u r e s .  The h igher  t h e  burn-in remperature,  t he  
s h o r t e r  the  burn-in r u s t  be t o  weed ou t  t l n  bad 
pa r t s .  An accepta?  le burn-in temperature would be 
about the s- a s  t.re tempera'.~:re required  f o r  ground 
t e s t  a p p l i c a t i o n s  d iscussed e a r l i e r .  

A f u r t h e r  requirement on ~ p e r a t i o n a l  eng ines  
a r i s e s  from ?he need f o r  more soph i s t i ca t ed  engine  
con t ro l  systtms. This is being pursued by going t o  
a11 e l e c t r o n i c  c o n t r o l s .  These c o n t r o l s  a r e  required  
i n  o rde r  t o  dchieve peak perforrance  with high e f f i -  
c iency,  long l i f e ,  and s a f e t y .  Requirements f o r  
modulari ty.  f l i g h t  s a f e t y ,  and combat s u r v i v a b i l i t y  
d i c t aLe  t h a t  t h i s  c o n t r o l  system be located  on the  
engine.2 Th i s  p u t s  i t  a l s o  i n  an environment l i k e  
t ha t  d iscussed f o r  t he  monitoring system. Indeed t h e  
c o n t r o l  c a p o t e r  may a l s o  be the  monitoring coa- 
potrr. Thus, e t q i n e  c o n t r o l  requirements r e s u l t  i n  
about t h e  same e a v i r o m e n t a l  and r e l i a b i l i t y  needs 
fo r  e i e c t r o n i c  dev ices  a s  do  those of the  monitoring 
sysLca. 

Ve should po in t  out  here t h a t  t he re  is a l s o  a 
need f o r  o p t i c  and e l ec t ro -op t i c  dev ices  t o  opera te  
on th.? engine. Th i s  need a r i s e s  p r imar i ly  i n  m i l i -  
t a r y  a i r c r a f t .  Fiber-optic,  r a t h e r  than e l e c t r o n i c  
cab le ,  t r m s a i s s i o n  of d a t a  f r o a  p lace  t o  p lace  on 
the  a i r c r a f t  br ing8 the s i g n i f i c a n t  advantages o f  
enhanced freed- Lrol e lec t romagnet ic  i n t e r f e r e n c e  
and t h e  a b i l i t y  to send d a t a  over mu l t ip l e  pa ths  
without i ncu r r ing  t h e  weight p e n a l t i e s  of m u l t i p l e  
e l e c t r o n i c  cab le s .  S ince  much of t h e  d a t a  o r i g i n a t e s  
on t h e  e-ine, a t  1.-t same o f  t h e  e l ec t ro -op t i c  

dev ices  and f i b e r  o p t i c  bundles w i l l  r e s i d e  on the  
twine and t h e r e f o r e  have t o  ope ra t e  r e l i a b l y  i n  t h e  

t h e m a 1  e n v i r a n r n t  8s t h e  monitoring and con- 
trel e l e c t r o n i c s .  

To s m r i z e  t h i s  s ec t ion .  t h e  needs of opera- 
t i o n a l  a i r c r a t t  e a i n e  monitoring and c o n t r o l  d i c t a t e  
e l e c t r o n i c  and e l ec t ro -op t i c  d e v i c e s  capab le  of very 
high I - e l i a 5 i l i t y  while ope ra t ing  a t  tempera tures  not 
t oo  much higher  t han  300. C. Th i s  r e l i a b i l i t y  re-  
q u i r e r i t t .  we believe. v i l l  r equ i r e  burn-in a t  t h e  
500' t o  600' C temperature l eve l .  

In t h i s  paper we have d iscussed t h e  needs for  
high temperature e l e c t r o n i c s  and e l ec t ro -op t i c s  a s  
they would Se used on a i r c r a f t  engines  i n  research .  
developaent.  and opera t ion .  The conclus ion reached 
is t h a t  t he  t e r p r r a t u r e  a t  which t h e  dev ices  must be 
a b l e  t o  funct ion  is about t h e  same e i t h e r  f o r  RbD o r  
f o r  ope ra t iona l  a p p l i c a t i o n s  though the  reasons  f o r  
a r r i v i n g  a t  t h i s  es t imated  temperature a r e  q u i t e  
d i f f e r e n t .  tn  R I D  app1i:ations t h e  dev ices  must 
funct ion  a t  t h i s  temperature uhea i n  t h e  engine  but 
only fo r  a moderate p e r i d  of time. On an opera t ion-  
a l  engine. t h e  r e l i a b i l i t y  requirements d i c t a t e  t h a t  
t h e  dev ices  be a b l e  t o  be burned-in a t  tempera tures  
s i g n i f i c a n t l y  h igher  than those  a t  utiich they w i l l  
funct ion  on t h e  engine. 

Ue have been purposely vague i n  d e f i n i n g  t h e  
temperature goal  a s  bping around 500" t o  hOOO C 
because the re  a r e  arguments fo r  a goa l  a hundred 
degrees  above and below t h i s  temperature range. The 
major point  t v  be made is t h a t  ue must push e l l  
b y o n d  t h e  l eve l  a t  whish silit m b i l l  be a b l e  t o  
function.  

As  a f i n a l  thought,  ve would l i k e  t o  say t h a t  
a l l  of t h i s  c o n s ~ i t u t e s  the  j u s t i f i c a t i o n  needed t o  
get  support  f o r  a program aimed a t  high temperature 
e l ec t ron ic s .  I t  probably bas  l i t t l e  t o  do with t h e  
most s i g n i f i c e i t  f u tu re  a p p l i c s t i o n s  of t hese  d e -  
v ices .  They a r e  p re sen t ly  unknown. Consider t h e  
o r i g i n a l  j u s t  i f  i c a t  ions  fo r  degeloping in t eg ra t ed  
c i r c u i t s .  Ih-y were t o  enable  -11. low p w e r  c i r -  
c u i t r y  f o r  spacec ra f t  a p p l ~ c a t i o n s .  As i t  has  turned 
ou t ,  they were indeed u s e f u l  f o r  t hese  purposes but 
t hese  u ses  have provea t o  be of t r i v i a l  impact .an 
s o c i e t y  r e l a t i v e  t o  t he  o t h e r ,  m9re mundane uses  t o  
which they a r e  now being appl ied .  A t  Lewis ve had a 
high temperature e l e c t r o n i c s  program going i n  t h e  
l a t e  60's and e a r l y  70's aimed a t  t h e  needs of 
nuclear  power systems f o r  spacec ra f t .  Wher. t h a t  was 
no longer supported the  e l e c t r o n i c s  program went down 
the  tubes  with i t .  Now ve a r e  s t a r t i n g  up essen-  
t i a l l y  the  same program fo r  completely d i f f e r e n t  
reasons.  We cannot he lp  but f e e l  t h a t  high tempera- 
t u r e  e l e c t r c t i i c s  w i l l  indeed have wide a p p l i c a t i o n  
not only t o  the  a r e a s  d iscussed a t  t h i s  conference  
but a l s o  t o  f a r  more impcrcsnt a r e a s  which we j u s t  do  
not have t h e  v i s ion  t o  p red ic t .  
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Int roduct ion 

Thr ezonanic and p o l i t i c a i  cond i t ions  which have 
increased the  c o s t  of f o s s i l  f u e l s  along wi th  changes 
i n  government r egu la t ions  which have provided the  in-  
c e n t i v e  t o  prcduce hydrocarbons from depths  q r e a t e r  
than 15,000 f e e t ,  has  encouraged t h e  o i l  exp lo ra t ion  
indus t ry  t o  d r i l l  t o  dep ths  not p ~ e v i o u s l y  considered 
eccnomically producible. Thii increased d r r l l i n q  
a c t i v i t y  has  p laced mere demands upuc t h e  vcll lv lg inq  
s e r v i c e  companies t o  grovirie a wide rcrnqz 3f logginq 
and completion s e r v i c e s  f o r  v e l l s  with b o t t w  hole tep- 

p e r a t u r e s  q r e a t e r  than 2COaC end presscxcs  ir. excess  o f  
20,030 p s i .  An example cf this t ; ~ e  of  a c t i v i t y  is 
along tne  U.S. Gulf Coast,  wh:ch h a s  a kiqh aeotherma: 
o r a d r e n t  tf.at can ?rodace temperatures a s  high a s  25PUC 
a t  depths  cf only  lh.000 f e e t .  

Standard downhole t o o l r  i o r  we1 i Ir.aa; i r . ~  neasure- 
ments a r c  t y p i c a l l y  r a t e d  io: an errvirnment of 17S0C 

1 
& l e n t  t q r a t u r e  and presbure  of IC,OCO ps: . The 
a b i l i t y  t o  log the  hlt:f-.er t c a r e r a t u r e  w e l l s  has  .je.ier- 
a l l y  been l imired t o  enaincrrlr . ;  d e v r l o p c n t a l  t c d l s  cr 
t r o l s  i n  which the  e l c c t r o n ~ c s  sec t ion  is h ~ - s e c  i n  
i n s u l a t i n q  dewar f l a s k s  with hea t  s ink canpun;. :a- 
oable  of ma in ta in l rq  cornjarrent <empt-ratures below 
150°C. T h e  limitation rn  power available f ron  por t ab le  
pcwer a n i t s  has  l i m i t < +  *.e use of t h e n n w l e c t r i c  u n i t s  
Lor coolim:. 

Tt;c Challenge 

Lrep w e l l s  w i th  tcmprra:;res and p res su res  above 
~ \ e  l i j . i t  .; of  t h i  s tandard t o o l s  have been considered 
a s  cu. o . .~c le s  and very Linl t r d  i n  nunber; thas ,  t ne  
use ,- s p e c i a l  t o o l s  prepared and operated by engineer-. 
ing  person.-91. althouqh ex&ensivc,  vas  acceptable .  
Houevet, a s  deep pays have been provc:. a . ~ d  the econanlc 
incen t ive  t o  proGuce these  we l l s  ha:. :.-creased, t he  
anr -.t of deep sxp lo ra t ion  a c t i v i t y  has  s l q n i f i c a n t l y  
~ n c r c a s c d .  The loqginq se rv ice  m p a n i e s  have found l t  
zccessary  to develop t o o l s  t h a t  can be  accura t e ly  run 
by f i e l d  yersonnei and which g l v e  r e l i a b l e  performarce 
f o r  s e v e r a l  h-~;ufred hours a t  temperatures g r e a t e r  than 
2oo0c. 

It is t h i s  requirement tha t  f o r c e s  t h e  well log- 
g i w  t o o l  des lqner  to des ign f o r  reliable o p e r a t i o n  a t  
high temperature and t o  p u t  as much c r r c u i t r y  as pos- 
s i b l e  i n t o  the small  space ava i l ab le .  To m e e t  this 
need t h e  des igner  must have a wide range of semicon- 
ductors .  pas s ive  e l e c t r o n i c  componeats, and d i e l e c t r i c  
ma te r i a l s  zoemercially ava i l ab le .  The key p o i n t  he re  
i s  "c-rcial a v a i l a b i l i t y '  such that * m l s  can be 
deciqned and then manufactured i n  s u f z i c i e n t  q u a n t i t i e s  
t o  support  t h e  expanding f i e l d  requirements. 

A successf~. ,  high temperature loqging tool is a 
cmmbiriatior ~t var ious  mechanical and e l e c t r o n i c  coa 
. p n r n t s  i . t h  s p e c i a l  consideration required i n  the 
a ~ p l i c a t i o n  of  metals. e las tomers ,  ;.&les. p res su re  
s c a l s .  teed th rus ,  a s  w e l l  as e l e c t r o n i c  c o p o n e n t s .  
The fo l l cu inq  l imi t ed  d i scuss ion  addresses  on ly  a 
s r l m n t  o f  t h i s  - t h e  e l e c t r o n i c  components. 

Not m l y  has  t h e  f ecp  wel l  pu t  more severe  tem- 
4.  

per ,e requirements on the t oo l s ,  b u t  ,*e .x-ed t3 
i ~ : e  expensive d r i l l i n g  r i g  downtown has  d i c t a t e d  

5 .  

. . a t  3 number of  d i f f e r e n t  t o o l s  be run I n  crnnbinatlcn 
on a s i n g l e  loqging run. This  need has increased thc  
c m p l  i y  of  t h e  tool? by requir ing extensive  analog 

6 .  

s i g n a l  condi t ioning,  a s  wel l  a s  tho add l t ion  of a d i g i -  
- t a l  comrmunications s y s t r .  t o  t ransmit  t he  l a r g e  amour,ts 

7.  

of sensor  d a t a  t o  t h e  su r face  over the  l imi t ed  numbcr 
of l i n e s  a v z i l & l e  i n  t h e  logging cable .  

6. 

The Components 

Functlona 1- Blocks 

The p re fe r r ed  ca'RFonent fo r  a downtole logqrnq 
too l  is a c t u a l l y  a funct ional  block, e i t h e r  mon,lithic 
o r  hybrid,  which i n t e q r a t a s  a w l e t e  schematic block 
i n t o  a s i n q l e  p c k a q e  cha rac te r i zed  and t e s t e d  f o r  high 
t e q e r a t u r e  opera t ion.  This  a l lows maximum - 1 t i l i r a t i o n  
c f  a v a i l a b l e  space i n  the  p res su re  sea l ed  housing a d  
9 ives  ~ d d e d  ass iuance t h a t  t h e  system w i l l  func t ion  
proper ly  a f t e r  assembly. The other major contribu'ion 
of the  funct ional  block in t eg ra t ion  is the unproved 
reliability ob:ained wlth c ..-qmnent prescreening and 
reduced nuaber of p a c k a ~ e s  wi th  the  r e s u l t i n g  fswer 
in terconnects  . 

Some types  of  e l e c t r - n i c  functioris u3ich a r e  u t i -  
l ized and needed foi dorsnhole t o o l s  i nc lude  t h e  follow- 
1nq: 

1. \'oltage Regulators - l i n e a r  and swi tching 

2. Precis ion Voltace Reference 

3. Instrumentation Amplifier with lOOdB CWW 

I n ~ r e a s e d  complexity i n  the  too l  electronics would 9. 

normally mean an  inc rease  i n  the  tool length s ince  
Er & l l e d  ho le  l i m i t a t i o n s  r e s t r i c t  tho  maximum t o o l  d i -  
ameter. However, t o  reduce tool s t r i n g  lenath  and 

1C. 

weight,  emphasis is  placed ,-' el iminat ion of  f l a s k s  and 
the  min ia tu r i za t ion  of electronics through the  ... of 

11. 

medium and l a r g e  s c a l e  rn t eq ra t cd  c i r c u i t s  and the  com- 
b i n a t i o n  of ICs and d i s c r e t e  cxnponcnts i n t o  hybrid 

12. 

mic roc i r cu i t s .  13. 

D t o  A and A t o  D, 12 b i t  Converters 

Wide Bandwidth O{cra t iona l  Amplifier w i tn  tempera- 
t c r e  s t a b l e  bandwluth and o f f s e t  

Precis ion Comparator 

High Current.  Wide aand Linear Driver 

Phase S e n s i t i v e  Detector 

FET Switch and Driver wi th  low leakage and ON 
r e s i s t a n c e  

Sample and Hold 

Logic family 

Crys t a l  Control led  O s c i l l a t o r  

V to  P Converter 



Preferred s p e c i f i c a t i o ~  a t  200.C f o r  the functions 
l i s t e d  would be the  same as f o r  b e t t e r  p a r t s  present ly 
avai lable  a t  125.C. Operation with srne spec i f ica t ion  
degradation to i50.C would be acceptable. 

Relays 

-Relays i n  downhole tools a r e  kept t o  a minimum, 
bu t  i f  made more re l i ab le ,  would be used. A holding 
relay which d i s s i p a t e s  power only when actuated is 
desirable. A t  l e a s t  a DPDT. c r y s W  can s i r e  re laywi th  
self-wiping contacts  f o r  d ry  c i r c u i t  t o  one amp loads 
is needed. Nore poles  and s a a l l e r  s i z e  ( W 5 )  would be 
a b0t.d~. 

Thyristor 

SCRs capable of svitchinq up to 35 arps  of current  
and blocking 800 v o l t s  w i t h  l e s s  than 2 . 5  milliamps 
leakage a t  25OgC a r e  needed f o r  parer  control  and con- 
t r o l  of  capaci tor  discharge. 

o r  t o  isolate an electrode from an adjacent conductive 
housing. For t c q c r a t u r e s  up t o  200.C t h i s  has been 
accomplished by use of epoxy/polyimide g l a s s  laminate 
because of  its mechanical s t reng th  ar.3 its a b i l i t y  to 
be ~ c h i n e d  t o  precise  dimension i n  any shape. The 
epoxies present ly used begin t o  de te r io ra te  rapidly 
w i t h  s torage a t  temperatures above 200.C so n-w mate- 
r i a l s  are needed to extend t h i s  capabi l i ty .  

Conclusion 

Nev developsents and increased vendor i n t e r e s t  i n  
high temperature e lec t ron ics  have d e f i n i t e l y  improved 
the a v a i l a b i l i t y  of amponents f o r  h o s t i l e  e n v i r o m n t  
equipaent. This paper has a t e t e d  t o  shw t h a t  the  
market continues to expand and opportuni t ies  e x i s t  f o r  
the  continued growth of commercial products i n  well 
loqqing services .  
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high voltages; there  is a par t i cu la r  need f o r  re& f j e r s  
with reverse breakdown voltages greater  than 3000  volts 
a t  leakage cur ren ts  l e s s  than 25  microamps a t  25:l.C. 
I t  is expected t h a t  Cap devices might f i l l  t h i s  r e q u i r e  
ment, but they have remained a s  laboratory spzimens 
rather  + h n  cummercial catalog items. 

Capacitors with the low d iss ipa t ion  fac tor  of Tef- 
lon ( 0 . 5 % )  over temperature, the l'C of NPO Ceraaic 
(2 3 0  pp/.C) and a high v o l m e t r i c  eff ic iency a r e  
need&. Capacitors with these charac te r i s t i cs  a r e  
needed par t i cu la r ly  f o r  a p p l i a t i o n s  such a s  a c t i v e  
f i l t e r s  and sample and hold c i rcu i t s .  Although Ruby 
Mica o f f e r s  the  low d iss ipa t ion  factor  and high tempera- 
t u r e  operation, its TC exceeds the desired +30 ppr. 

Resis tors  

Fixed r e s i s t o r s  using metal f i lms have operated 
s a t i s f a c t o r ~ l y  up t o  250°C and beyond, bu t  a t r i m e r  
po ten t imete l  is  needed t h a t  w i l l  maintain its s e t t i n g  
over this same range of  temperature. Since thick film 
r e s i s t i v e  elements on ceramic a r e  s u i t a b l e  f o r  high 
tempcrature, t h e  major factor  i a  obtaining such a device 
is i n  the  mechanical design of the contact  and dr ive  
mechanisn t o  maintain the  prec i se  s e t t i n g  over such a 
wide temperature range. 

Although se lec t ion  of fixed r e s i s t o r s  t o  compensate 
f o r  c i r c u i t  var iat ions is an obvious a l t e rna t ive ,  it 
gFves considerable d i f f i c u l t y  i n  f i e l d  ca l ib ra t ion  and 
a l igment .  

Magnetics 

Inductor and transformer design with exis t ing ma- 
t e r i a l s  has allowed ror operation up t o  200aC f o r  some 
time. Operation above t h i s  temperature f o r  extended 
periods awaits the deve lopent  of more s tab le  magnetic 
mater ials  and higher temperature wire insulat ion.  
Although the  designer can reslovr transformers from most 
ranall s igna l  c i r c u i t r y ,  the need for  parer transformers 
f o r  low l o s s  conversion of downhole supply power is 
still important. 

Dielectr ic  d a t e r -  

In  several types of logging tools, there is a need 
to fabr ica te  port ions of the  tool  tram a d i e l e c t r i c  
a a t e r i a l  to parmit the  transmission of e l e c t r i c  f i e l d s  
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Thin f i l m  technology h a  been vc l l - e s t ab l i shed  
a a  a v i a b l e  and necessary  p a r t  o f  modem microelec- 
t ronics .  Extendinn the technololly of  t h i n  f i l m  f o r  
rue  at  high t e q e r a t u r e s  has  required t h e  development 
of ncu w t e r i a l o  and processes  i n  o r d e r  t o  meet t h e  
required electrical s p e c i f i c a t i o n s  a t  e l eva ted  tem- 
pera tures .  By developing t h i n  f i l v  coaponents f o r  
hinh temperature a p p l i c a t i o n s  such a s  geothermal well- 
lo&ing,- a i r c r a f t  ehgine i n s t r w x n t a t i 6 n .  and nuclear  
r e a c t o r  monitoring, it w i l l  be p o ~ s i b l e  t o  provide 
high c i r c u i t  d e n s i t y  and improved r e l i a b i l i t y .  

One of  t h e  major o b j e c t i v e s  i n  developing t h i n  
f i e  m a t e r i a l s  and processes  has  been t o  ensure  t h a t  
they would be f u l l y  compatible wi th  s tandard s i l i c o n  
in t eg ra t ed  c i r c u i t  technology. This  w u l d  l ead  t o  
the  a b i l i t y  t o  adapt  one o r  -re o f  t h e  processes  in- 
t o  e x i s t i n g  processing l i n e s  wi th  minimum dis turbance.  
The pass ive  c a p o n e n t s  must a l s o  be  compatible wi th  
hybrid c i r c u i t  f a b r i c a t i o n  and. i f  poss ib l e ,  In t e -  
gra ted  Themionic  C i rcu i t s .  

Research and d e v r l o p ~ e n t  work a t  The Univers i ty  
of Arizona his been d i r e c t e d  toward r e s i s t o r s ,  capa- 
c i t o r s ,  and in terconnect  n ? t a l i z a t i o n s .  The use of  
Low Pressure  Chemical Vapor &pos i t ion  (LPCVD) has  
been used i n  ma te r i a l  development and component fab- 
r i c a t i o n .  This is a major depar ture  from t h e  s tan-  
dard t h i n  f i lm  depos i t ion  method o f  s p u t t e r i n g  and 
thermal evaporation. LPCVD by its very na tu re  is a 
process  which ;illows t h e  passfve  components t o  be 
f ab r i ca t ed  a t  t empera tu r sh ighe r  than t h e i r  h ighes t  
required ope ra t ing  temperature. 

The deposi t ion o f  t h i n  f i lms  by LPCVD is accom- 
pl ished by r eac t ing  one o r  l u r e  gases  on t h e  su r face  
of a heated subs t r a t e .  The major compc-ents of an  
LPDVD r e a c t o r  a r e  i l1 : ; s t ra ted  i n  Fippre  1. 

Cold roll LPCM It-tor 

Door 

Figure 1. P i c t o r a l  r ep resen ta t ion  of  the  mnjor in- 
t e r n a l  components of  t he  LPCVD reac to r .  

The s u b s t r a t e s  t o  be coated a r e  placed on t h e  
g raph i t e  susceptor  and than loaded i n t o  t h e  c e n t e r  of 
t h e  q u r t r  r e a c t i o n  tube. IIP power is app l i ed  t o  t h e  
c o i l  an t h e  ou ta ide  of t h e  r eac t ion  tube which i n  t u r n  

is coupled i n t o  the  g raph i t e  auaceptor  cauaing it t o  
heat. T e a p a r a t u n  o f  t h e  susceptor  is measured wi th  
a type-lt thermocouple. 

The vacuum pump is a s p e c i a l  chemical-grade r 0 ~ B b .  
i c j  pump designed LU withs tand t h e  p w i n ~  o f  corzosive  
gases.  P r i o r  t o  t h e  a p p l i c a t i o n  of RF power, t h e  a t -  
mospheric p res su re  is reduced t o  the  p res su re  l i m i t  of 
t h e  pump; t h e  c a r r i e r  Ras is turned on, and the  pres- 
s u r e  s e t .  P res su res  nf s eve ra l  t o r r  o r  less 
are t y p i c a l ,  w i th  c a r r i e r - f l o w  r a t e s  of  0.1 t o  2.0 
liters/m:tn. Nitrogen, hydrogen and helium a r e  t y p i c a l  
c a r r i e r  $:ases. These a r e  con t ro l l ed  wi th  mass flow 
c o n t r o l l r ~ r s  and the  p res su re  is cont inuously  monitored 
wi th  a c a p a c i t i v e  manoaccer. 

W t r r i a ?  se l cc t io l l  is o f  primary ilrpor:ance i n  
des igning hiph tamperature pass ive  components. A l l  of 
t he  m a t e r i a l s  mst have the  d e s i r e d  2 l e c t r i c a l  proper- 
ties, and they must a l s o  hsve compatible mechanical 
p rope r t i e s  including c o e f f i c i e n t  of  expansion, stress, 
and afl:c,rence. Without t.-- required mechanical proper- 
ties, t h e  components would no t  su rv ive  long enough t o  
t e s t .  A group o f  m a t e r i a l s  t h a t  can be  deposi ted  by 
L P W  and which a l s o  a r e  e l e c t r i c a l l y ,  chc.mically, and 
mechanically well-matched are :  

(1) Tungsten 
(2) Tungsten-sil icon 
(3) S i l i c o n  :. : t r i d e  

Subs t r a t e  m a t e r i a l s  a r e  equa l ly  important f o r  che same 
reasons; the  two s u b s t r a t e s  recommended a re :  

(1) Oxidized s i l i c o n  wafers  
(2) Sapphire. 

The r eac t tons  t o  f o m  the  m a t e r i a l s  a r e :  

Not only must t h e  m a t e r i a l s  be compatible,  but  s o  a l s o  
must the  deposi t ion r eac t ions  a t  e l eva ted  temperatures 
s o  t h a t  t he  depos i t ion  of  one m a t e r i a l  does n o t  d e s t r o y  
the  previously  deposi ted  t h i n  f i l m  l aye r s .  

Del ineat ion of the  m a t e r i a l s  is accomplished wi th  
s tandard equipment and processt., used i n  s i l i c o n  I C  
f ab r i ca t ion .  The t h i n  f i lms  can be  e tched by wet chem- 
i c a l  e tches ,  o r  by plasma e tching.  Negative photore- 
sist has been used s i n c e  the  developers  f o r  p o s i t i v e  
p h o t o r e s i s t s  a r e  bas i c  and t h e r e f o r e  tend t o  e t c h  t h e  
tungsten. 

Spec i f i ca t ions  f o r  t h i n  f i l m  r e s i s t o r s  required 
s t a b l e  ope ra t ion  to 500° C. w i th  temperature c o e f f i c i e n t s  
of r e s i s t a n c e  (TCR) l e s s  than 50 p p r n / O ~ .  ove r  t h e  e n t i r e  
teziperature range. The a a t e r i a l  s e l e c t e d  f o r  t h e  re- 
s i s t o r s  was tungsten-s i l icon deposi ted  by LPCVD. The 
c h a r a c t e r i s t i c s  o f  t h e  tungsten-s i l icon can be ad jus t ed  
t o  meet t h e  r e q u i r c ~ l e a t s  o f  h igh  temperature ops-=:ion, 
s t a b i l i t y ,  and low TCR. 

tungsten-s i l icon is grown from the  r eac t ion  of 
tungsten hexaf luor ide ,  s i l i c o n e ,  and hydrogen: 

The r a t i o  of  tungsten t o  s i l i c o n  can be var ied .  The 
TCR can b e  made both p o s i t i v e  o r  nega t ive  depending on 
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tbr ptoc*sr parmters umed. Figure 2 is a repistance 
w. taperature curve for a V-Si rcsistor. Typical re- 
rirtivity of the tungsten-silicon used for the resis- 
tors is 2,500 ~n.cm. Sheet resistors range from 50 to 
1000 R/O and TCR valtten from -50 to 50 ppd0C. The 
prucesa is compatible vith silicon IC fabrication and 
t!dn film capacitor proccases. 

The electrodes are turgsten and the dielectric 111yer 
and passivation are silicon nitride. Bonding prds are 
themlly evaporated aluminur. 

With LPCM depoaition of the layers, pinhole prob- 
lems in the nitride have not b m  encountered. .ad it 
has therefore heen possible to fabricate capacitors 
vith several square centimeters area. Typical capaci- 
tance is 0.02 u~/cm.~; areas as large as 4 cr. have 
been used. 

The relative dielectric constant of the silicon 
nitride is 8.6 and the dissipation factor due solely 
to the silicon nitride is 0.0002. Forhrge value ca- 
pacitors, the serfes resistance term becomes the d d -  
nant factor in increasing the dissipation factor. The 
total dissipation factor is generally less :han 0.W3 
at 350° C. and 2.0 I@z. 

- - 

0 100 Zoo  ma boo  500 

In order to meet the DC resistance requirements, 
it is necessary that the silicon nitride have very low 
conductivity. The conductivity is a function of both 
the temperature and the applied electric field so both 
must be considered d e n  designine a capacitor. Capac- 
itors which vere fabricated exhibited a temperatrre co- 
efficient of capacitance of approximately +70 ppd0C. ; 
a typical capacitance-temperature relationship is shovn 
in Figure 4. 

Figure 2: Resistance versus temperaLure curve for a 
W-Si thin film resistor TCR - +6 ppm/oC. 

The thin film capacitors are designed to operate 
from room temperature to 350" C. and to fill the need 
for high temperature capacitor vith capacitance up to 
0.1 uF. Work voltage is specified at two points: 

With a 20-volt bias applied across a capacitor 
at 350' C., the DC resistance must be greater than 
i x 107 Q. 

Dissipation fact~r is required to be less than 
0.010 at 1 KHz. over the above temperature range. 

Capacitors are parallel plate structures using 
oxidized silicon vafers as substrates;hovever, sapphire 
could be used. A cross-section is illustrated in 
Figure 3. 

Fipure 4: Capacitance as a function of temperature 
for a thin film capacitor. 

The processing needed to form high temperature 
capacitors vith areas up to 4.9 em.* and capacitance 
values to 0.1 pF has been developed to the point where 
it can be transferred to cormwrcial production. 
Table I shows the salient features of the process. 

By extending the use of the LPCM tunesten, inter- 
connects between passive components can be formed. If 
the tungsten is deposited directly sver the surface of 
a silicon wafer that has been processed to the point 
where it is ready for the metalUzaUon, tungsten can 
be substituted for the normal a l d n m  interconnect 
netallizntion. 

Figure 3: Cross-section of thin film capacitor. 
Tungsten is used for the parallel plate Aluminum as an interconnect metal on silicon inte- 
electrodes, and Silicon nitride is used for *rated circuits ha# a number of problems whra h i ~ h  cur- 
the dielectric layer and the paasivation. rent deneitiss and high operating temperatures are 
All =teriala the exception Of the al- present. Under those conditions, electrorigratioll 
u;niaum bonding pads are deposited by LPCM. 
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of tha aluminum can occur, cauring the physical trans- 
port of ailicon out of the contact region8 of the sili- 
con. 

TABLE I 

HIGH TFNPERANRE CAPACITOR MANUFACTURING PROCESS 

1. LF'CVD TUNGSTEN - 2,000 A. 

2. PHOTOLITIIOCRAPHY - BOTl'W ELECTRODE 

3. LPO'D - Si3N4 (3500 A) FOLLOWED BY LPCC'D TUNGSTEN (2000 A, TOP ELECTRODE) 

4. PHOTOLITHOGRAPHY - TOP ELECTRODE 
5. LPCVD - Si3N4 (1,000 A, PASSIVATION) AND LPCM TUNGSTEN (2,000 A, USED AS ETCH MASK) 

6. PHOTOLITHOGRAPHY - CONTACT WINDOW IN TUNGSTEN ETCH MASK. 

7. €TCH Si3N4 

8. PHOTOLITHOGRAPW - REMOLT ETCH MASK 
9. ALUtiING4 CONTACT EVAPORATION 

10. P H O ~ L I T H O C R A P ~  - ALUMINUM CONTACTS. 
11. TEST. 

Failure of the interconnect ther occurs; the failure 
rate is accelerated as the temperature is increased. 
Failure can also occur because of poor step coverage 
of the aluminum used in silicon IC. Tapered r~gions 
in the interconnects often form in the bottom oi the 
steps during the deposition process. 

Tungsten was investigated as a possible material 
for use with high temperature silicon IC to e ~ f d  the 
problem of premature failure of the metallization at 
elevated temperatures. 

The contact regions between tne tungsten inter- 
connect a d  the silicon must form ohmic contacts. 
This was investigated as a function of silicon doping, 
process parameters in the tungsten deposition agd tem- 
perature. Ohmic contacts were formed in both n- and 
p- type silicon for hosphorus doping levels of 4 x 
lola to 5 x 10'0 and boron levels of 2 x 
10'' to 1.0 x 1gZ0 ~m.'~. The ohmi: character- 
istic of the contact is seen in the linear I-V rela- 
tionship for a 10 um r: 10 urn contact shown ?n Figure 5. 

Figure 5: I-V .3rves for ohmic contacts to n- and p- 
type silicon. The solid line represents tungsten met- 
allization, and for the comparison, the dashed line is 
for an aluminumlsilicon contact to n-type material. 

Tests for electromigration were made using two 
metallization strips; each strip was 10 um-wide and 
0.5 urn thick. They e r e  designed so that the current 
coirld be injected into or brought out of th, cuagsten 
throu.eh a silicon contact or through the tunqsten alone. 
One sttip was designdto traverse .5 Dm of oxide strips. 
The contapt resistance between the silicon and tungsten 
could also be monitored separately. 

No evidence of electromigration wan seen in the 
tungsten at current densities of 4 x lo6 ~/cm.? for 72 
hours. Tests were run at substrate temperature from 
2S0 C. to 300° C. The actual temperature of the inter- 
connect was somewhat higher due to the power dissipated 
by the test current. 

Critical current densities (current density at 
point of interconnect failure) were 4.5 x lo6 ~/cm.~for 
SisNt, passivated tungsten. and 5.7 x lo6 ~ / c m . ~  for 
hydrogen-annealed tungsten. 

SEM microphotographs of the tungsten over oxide 
steps indicated excellent step coverage. No failures 
due to exceeding the critical current densities occur- 
red in the step regionn. 

Schottky diodes were also formed between the tung- 
sten and the silicon wafer; however, they were leaky. 
It is now felt that the leakage current was the result 
of improper diode design rather than an inherdnt prob- 
lem in forming good Schottky diodes betwe-n silicon and 
LPCVD tungeten. 

1 Thir work war rponrored by Department of Energy, 
3 Civirion of Geotheml Energy. 





DEVELOPMENT OF AN 1100- CAPACITORf 
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P i t t s b u r g h ,  
SUMMARY 

The f e a s i b i l i t y  of  developing a high 
temperature  c a p a c i t o r  f o r  llOOoF o p e r a t i o n  
which is a s  s m a l l  a r d  l i g h t  as conven t iona l  
c a p a c i t o r s  f o r  normal opera t ing  temperatures  
is d i scussed  i n  t h i s  paper.  

Pyro ly ic  boron n i t r i d e  (PBN) was select- 
ed f o r  the d i e l e c t r i c  a f t e r  e v a l u a t i n g  t h r e e  
o t h e r  c a n d i d a t e  m a t e r i a l s  a t  temperatures  up 
t o  1100oF. PEN c a p a c i t o r s  were made by slic- 
ing  and l app ing  . n a t e r i a l  from t h i c k  blocks  
and then  s p u t t e r i n g  t h i n  f i l m  e l e c t r o d e s .  
These c a p a c i t o r s  had breakdown s t r e n g t h s  of 
7,000 v o l t s  p e r  m i l  and a d i s s i p a t i o n  f a c t o r  
of less than  0.001 a t  l l O O O ~ .  

Addi t iona l  p rocess ing  improvements were 
made a f t e r  t e s t i n g  a mul t i - l ayer  o r  s t acked  
PBN c a s c i t o r  f o r  1,000 hours  a t  1 1 0 0 ~ ~ .  
S p u t t e r  e t c h i n g  t h e  wafers  h e f o r e  d e p o s i t i n g  
e l e c t r c 3 e s  r e s u l t e d  i n  a 2-3 f o l d  r e d u c t i o n  
i n  d i s s i p a t i o n  f a c t o r .  A s p u t t e r e d  boron 
n i t r i d e  f i l n  a p p l i e d  t o  t h e  o u t e r  e l e c t r c d e  
s u r f a c e s  produced a n o r e  s t a b l e  c a p a c i t o r .  
T h i s  d a t a  w i l l  be p resen ted  toge ther  wi th  a 
des ign  f o r  a 0.1 p c a p a c i t o r  and a summary 
of PBN wafer f a b r i c a t i o n  c o s t s .  

INTRODUCTION 

C a p a c i t o r s  were one of t h e  e l e c t r i c a l  
components t h a t  l i m i t e d  t h e  o p e r a t i n g  temper- 
a t u r e s  i n  t h e  advanced electric power systems 
being developed f o r  s p a c e c r a f t  i n  t h e  1960s. 
A s  electric power requirements  i n  s p a c e c r a f t  
i n c r e a s e ,  t h e  amount of  power l o s t  a s  h e a t  
a l s o  inc reases .  T h i s  h e a t  must b e  removed t o  
keep temperatures  from b u i l d i n g  up beyond t h e  
o p e r a t i n g  limits of t h e  e l e c t r i c a i  compo- 
nents.  S p e c i a l l y  designed mica c a p a c i t o r s  
were a v a i l a b l e  f o r  7 5 0 9  o p e r a t i o n  kt t h e s e  
d e v i c e s  were l a r g e r  and heav ie r  than  s t andard  
u n i t s .  I n  o r d e r  t o  b u i l d  a h igher  tempera- 
tu re - l igh tweigh t  c a p a c i t o r ,  a b e t t e r  d ie -  
lectric was needed. 

MATERIAL SELECTION 

A t  l e a s t  t e n  d i f f e r e n t  d i e l e c t r i c  mater- 
i a l s  were cons ide red  i n i t i a l l y  a s  c a n d i d a t e s  
f o r  a high temperature  c a p a c i t o r .  From pub- 
l i s h e d  d a t a ,  f o u r  l i k e l y  m a t e r i a l s  were sel- 
e c t e d  f o r  test: s i n g l e  c r y s t a l  A1.2O3, poly- 
c r y s t a l l i n e  A120 , h o t  pressed B e 0  and pyro- 
l y t i c  boron n i t r  f d e  ( P y r o l y t i c  boron n i t r i d e ,  
formed by a chemical d e p o s i t i o n  p rocess  a t  
3 6 0 0 ~ ~ ~  is a denser  and purer  m a t e r i a l  than  
compressed and s i n t e r e d  boron n i t r i d e ) .  
Wafers were s l i c e d  f r a n  blocks  or p i e c e s  of 
t h e  c a n d i d a t e  miterials and then lapwed and 

s o f t  (Moh's sca le -2 )  and less b r i t t l e .  I t  
w a s  found t h a t  PBN cou ld  be  lapped i n t o  f l e x -  
i b l e ,  g in-hole  tree wafe rs  as t h i n  a s  0.0004 
i n c h e s  from t h i c k  b locks  of s t a r t i n g  mat.eria1 
(1). 

A f t e r  c a r e f u l  c l e a n i n g ,  t h i n  f i l m  elec- 
t r o d e s  of platinum - 20% rhodium were a p p l i e d  
by DC t r i o d e  s p u t t e r i n g .  G l a s s  masks were 
used f o r  p a t '  .arn definition. A smal l  test 
fu rnace  was b u t l t  t o  f i t  i n s i d e  a n  18-inch 
g l a s s  b e l l  j a r  t h a t  was pumped t o  t h e  test  
p r e s s u r e  of 1-4 x 10-7 T o r r  wi th  a l i q u i d  
n i t r o g e n  t rapped dii ' f  u s i o n  pump. Elec- 
t r i c a l  tests of t h e  s i n g l e  wafer  c a p a c i t o r s  
i n  vacuum a t  temperatures  u;l t o  11001* 
showed t h a t  p y r o l y i c  boron n i t r i d e  was by 
f a r  t h e  b e s t  m a t e r i a l .  The d i s s i p a t i o n  
f a c t o r  of PBN c a p a c i t o r s  urxs less than  
0.001, 10 t o  100 t i m e . ;  b e t t e r  than  t h a t  of 
c a p a c i t o r s  made from t h e  o t h e r  c a n d i d a t e  
m a t e r i a l s  a s  shown i n  F i g u r e  1. 

pol ished.  S ince  c a p a c i t a n c e  v a r i e s ' i n v e r s e l y  Cmprison of Dissipt.on 
a s  t h e  t h i c k n e s s  of t h e  d i e l e c t r i c  m a t e r i a l ,  
the wafe rs  were made as t h i n  as p r a c t i c a b l e .  Versus  Temparature f o r  Candida te  
The t h i n n e s t  wafe r s  were produced from w r o -  P u r i t y  M a t e r i a l s .  
l y t i c  boron n i t r i d e  (PBN): This  materiii is 



F i g u r e  2 shows t h a t  t h e  change i n  c a p a c i t a n c e  The p l a t inum s p u t t e r i n g  t a r g e t s  were p o s i -  
from room tempera tu re  t o  llOO°F was minus 1 . 7  t i o n e d  on o p p o s i t e  s i d e s  of s wafer .  The 
p e r c e n t  cor:pared w i t h  p l u s  10  p e r c e n t  f o r  wafer  was clamped between two g l a s s  vaskr, a s  
s i n g l e  c r l s t a l  Al203. The measured DC break-  shown i n  F i g u r e  4 s o  t h a t  bo th  s u r f a c e s  of 
down v o l t a g e  was 7,000 v o l t s  p e r  m i l  f o r  a 
0.001 i n c h  PBN c a p a c i t o r  a t  l l O o O ~ ,  compared ,- 
t o  1800 v o l t s  p e r  m j l  f o r  t h e  c l o s e s t  com- 
p e t i n g  m a t e r i a l  ( s i n g l e  c r y s t a l  A1203). 
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F i g u r e  4 .  G l a s s  masks used =or  s p u t t e r i n g  

- e l e c t r o d e s  or. ta::bed wafers.  

- PYROLYZIC SOROtI t l I Z R I D E  - t h e  wafer  were c o a t e d  a': t h e  same time i n -  
c l u d i n g  t h e  conduc t ing  pa th  around each t ab .  

! I I I I  1 1 1 1 1 1  By p r o p e r l y  o r i e n t i n s  t h e  tabbed wafe r s ,  
200 400 600 800 1000 1200 a l t e r n a t e  e l e c t r o d e s  a r e  connected  t o g e t h e r  

ZEWCPATURZ I . F I  a s  shown i n  F i s u r e  5. The t o t a l  measured 
c a p a c i t a n c e  of  each s t a c k  is then t h e  sum o f  

F i g u r e  2. Change i n  C a p a c i t a n c e  From Room t h e  c a p a c i t a n c e s  of a l :  wafers .  
Temperature t o  1100* f o r  Candi- 
d a t e  M a t e r i a l s .  

PYtlOLYTIC BORON NITRIDE CAPACITORS -- 
To o b t a i n  h i g h e r  c a p a c i t a n c e  u n i t s ,  

i n d i v i d u a l  PBN c a p a c i t o r  w a f e r s  were  s l ~ a p e d ,  
e l e c t r o d e d  w i t h  s p u t t e r e d  p l a t inum an2 s t ack -  
ed. A c t u a l  c a p a c i t o r  w a f e r s  ( r e c t a n g u l a r  and 
round w i t h  t a b s )  a r e  shown i n  F i g u r e  3. 

WAFER hC. I Lp- 
WAFER NO. 2 a'- 
WAFER NO. 3 = 1 

' H A A R  NO. 4 x- ' I 

WAFER NO. 5 cz- 
P A R A L U L  INTERCONNECTION ;LdME 

F i g u r e  5. A Five-Layer Stacked C a p a c i t o r  
Showing Tabbed Wafers and E l e c t r o d e  
Geometries and E l e c t r o d e  O r i e n t a -  
t i o n  Kecesuary f o r  P a r a l l e l  

F i g u r e  3 .  Photograph of ~ t z t a n g u l a r  PBN E l e c t r i c a :  Intc!rconnection.  
C a p a c i t o r  Wafers and t abbed  0.750-inch 
d i ame te r  w a f e r s .  
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TABLE 1 -- 
P y r o l y t i c  Boron N i t r i d e  Capac i to r  Zompared w i t h  Lower-Temperature Capac i to r s*  

Capaci tance 
DC Maximum Capaci tance Volumetric Change from D i s s i p a t i o n  

Capac i to r  Working Operat ing p e r  Uni t  Volume Eff i c i e n c s  R o a n  Temp. F a c t o r  
Type Vol tage ~emp.  (4) ( p / i n .  (PF- in. t o  ~t 1 k ~ z  

Meta l l i zed  
Polycarbonate  600 

Tef lon,  Poi 1 200 
E lec t rodes  

Mica 
(commercial 1 15C 

Mica 
(experin;ental) 250 

Pyx l y t i c  500 t o  Boron N i t r i d e  1000 
0.8 t o  1.74 400 t o  1740 4009 , -05% 0.0bl s t  400% 

(5-wafer s t a c k )  1100 iuncased) (uncascd) 11009,-1; 3 0.003 a t  llOOoF 

*Values a r e  t y p i c a l  %r t h e  g e n e r a l  t y p ? s  of d i e l e c t r i c  systems i c d i c a t e d .  

E lec t rode  t h i c k n e s s  is n e g l i g i b l e  (about 
0.00001 inch)  making t h e  t o t a l  s t a c k  h e i g h t  
e s s e n t i a l l y  t h e  sum of t h e  t h i c k n e s s e s  of t h e  
PBN wafers.  T h i s  c o n s t r u c t i o n  produces high- 
er capac i t ance  pe r  u n i t  volume than  t h a t  of 
o t h e r  c a p a c i t o r  types ,  and d l s o  c o ~ s i d e r a b l y  
higher  vo lumet r i c  e f f i c i e n c y .  These and 
otPier  q u a l i t i e s  are compared i n  Table 1 f o r  
a PBN c a p a c i t o r  and s e v e r a l  commercial 
capac i to r s .  

F i g u r e  6. Change in ma il.t:gs of  r loo and x loo an 
~ - 

a8 a ?unction or Tina and Incraasad DC Enerqirinq 
Volt-. for . ?lVEI.f*X Ihllt1-L.yer ?yrolytic 

Wmn mitrid. Capnoitor with Iputearad 
P l a t i n n  cleetr06.e i n  Vacuu a t  1100' ? 

A 5 wafer PBN c a p a c i t o r  w a s  l i f e  t e s t e d  
a t  1 1 0 0 0 ~  i n  vacuum f o r  a t o t a l  of 1120 hours  
a t  a DC v o l t a g e  stress up t o  1,000 v o l t s  pe: 
m i l .  F i g u r e  6 shows t h e  change i n  d i s s i p a -  
t i o n  f a c t o r  and c a p a c i t a n c e  a s  f u n c t i o n s  of 
t ime and i n c r e a s i n g  vo l t age .  Note, however, 
t h a t  a more r a p i d  change i n  c a p a c i t a n c e  
occurred a t  477 hours  which corresponds t o  
a n  i n c r e a s e  i n  e n e r g i z i n g  v o l t a g e  from 750 
t o  1,000 v o l t s  pe r  m i l .  Subsequent a n a l y s i s  
showed t h a t  t h e s e  changes were probably du* 
 ti^ a s l i g h t  s e p a r a t i o n  of  e l e c t r o d e s  from t h e  
wafer s u r f a c e s  i n  t h e  s t a l k e d  c a p a c i t o r .  

FABRICATION 24PROVEMENTS 

Two methods were developed to i.npzove t h e  
e l e c t r o d e  adherence on PBN wafe rs  i n  a 
s tacked c a p a c i t o r .  The f i r s t  n e t h d  was t o  
RF s p u t t e r  e t c h  ( t e x t u r i z e ,  bo th  :;urfaces of 
a PBN wafer j u s t  p r i o r  t o  d e p o s i t i n g  e l e c -  
t rodes .  T h i s  t r e a t m e n t  produced a n  u l t r a  
c l e a n  s u r f a c e  and e l e c t r o d e  ad!letrance v a l u e s  
g r e a t e r  t h a n  1,000 p s i .  A 2-3 f o l d  r e d u c t i o n  
i n  d i s s i p a t i o n  f a c t o r  was a n  unexpected bonus 
compared t o  c a p e c i t o r s  made without  etchir-g . 
The reduc t ion  i n  d i s s i p a t i o n  f a c t o r  is  a t t r i -  
buted t o  t h e  removal of mechanical ly  d i s t u r '  -4  
s u r f a c e  l a y e r s  produced dur inu f i n a l  lapping.  
About 3,000 angstroms was remover' from each 
s u r f a c e  of a PBd wafer by s p u t t e r  e t c h i n g .  
Remc vdi. of a d d i t i o n a l  m a t e r i a l  had a n e g l i -  
g i b l e  a f f e c t  on d i s s i p a t i o n  f a c t o r .  

The second inprovement w a s  t o  d r + s i t  a 
diffusion b a r r i e r  l a y e r  over  t h e  o u t e r  s u r -  
f a c e s  of each  s l e c t r o d e  t o  p reven t  i n t e r -  
e l e c t r o d e  bonding i n  a s t acked  c a p a c i t o r .  
Boron n i t r i d e  was RF s p u t t e r e d  from a PBN 
t a r g e t  us ing  a g l a s s  mask to p r o t e c t  t h e  
c o n t a c t  t abs .  About 500 angstroms o f  boron 
n i t r i d e  was d e p o s i t e d  on  each e l e c t r o d e  a t  
70 angstroms per  minute.  

A t h r e e  wafer c a p a c i t o r  was t e s t e d  t h a t  
incorpora ted  t h e s e  improvements ( s p u t t e r  
e t c h i n g  and BN b a r r i e r  l a y e r s ) .  F i g u r e  7 
compares t h e  rate of change i n  c a p a c i t a n c e  



Figure 7.  Comparison of tk.e Change i n  C a p -  
c i tance  Versus Tine a t  500 V dc /Ui l  
i n  Vacum a t  11000 P f o r  Pyroly t ic  
Boron Ni t r ide  Hulti-Layer Capaci- 
t o r s  With and Without Sputtered 
Boron Ni t r ide  Barr ie r  Layers. 

~. versus ' ae f o r  t he  improved 3 wafer capaci- 
..-or am5 rhe o r ig ina l  5 wafer capaci tor .  The 
5 wafer capaci tor  shows a neg l ig ib l e  change 
i n  capacitance f o r  the dur.-.tion of  t h e  test 
(75 itours a t  11OJOF). 

LARGER PBN CAPACITORS AND COST ANALYSIS 

The spec ia l ly  designed ceramic package 
shown i n  Figure 8 was fabr ica ted  t o  provide 
t h s  necessary compressive forces ,  o r i e n t  and 
hold PBN capaci tor  wafers and provide a 
hermetic enclosure. More than 40 de fec t  
f r e e  PBN capaci tors  were made with spu t t e r  
etched surfaces and boron n i t r i d e  b a r r i e r  
layers  f o r  t h i s  package. The package has 
s u f f i c i e n t  i n t e rna l  volume t o  hold more 
than 360 capaci tor  wafers which would be 
equivalent t o  a c 1 UF capaci tor .  I n  1976 
a c o s t  ana lys i s  was made based on y i e ld  
h t a  from previo?ls laboratory experience 
with t h i s  process. A 16 percent. ove ra l l  
y ie ld  assumption was made (from r a w  material 
to f i n a l  t e s t ) .  The c o s t  t o  f a b r i c a t e  572 
f inished wafers (equivalent to  0.16 w a s  - about $51,000. Half of t h i s  c o s t  was f o r  
purchased raw mater ia l s  (PBN: i n  the  form of 
I x i x ye inch hiocks. 

CONCLUSIONS 

Pyrolyic boron n i t r i d e  capac i to r s  oLfer 
t he  p r a i s e  of high s t a b i l i t y  and r e l i a b i l i t y  
wer lang periods i n  a w i 3 e  range of environ- 
ments and operat ing condit.ions. These new 
capaci tors  should find use  i n  many demanding 
applicat ions.  The c o s t  t o  make these capa- 
c i t o r s  by s l i c i r y  and lapping th ick  blocks of 
material is a d e t e r r e n t  t o  ccminercialiration. 
A study of methods of producing low de fec t  
t h i n  f i lms  of PBN would provide the  basis 
f o r  a more cost ef t 'ective high temperature 
capaci tor  technology. 

This  d e v e l ~ p a e n t  program w a s  funded by 
NASA Lewis Research Center and conducted a t  
Westinghouse Aerospace E l e c t r i c a l  Division 
under con t r ac t s  NA; 3-6465 and NAS 3-10941. 

T!re author would l i k e  t o  thank A. C. 
B e i l e r  and R. A. Lindberg f o r  t h e i r  support  
and guidarlce and S. D. Burkholder, H. Banks 
and R .  Schumate f o r  capaci tor  f ab r i ca t ion  
and tes t ing .  
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A1203 Cyl indr ica l  Ring 
(1.5 inch O.D. ) 
Top Ring, Cb-1%Zr 
Top Plug, CS-1%Zr 
Spring Al igmen t  d isk ,  Mo 
B e l l v i l l e  Spring, Ta (T-111) 
Electron Beam Weld 
Braze Alloy, 60Zr-25V.-15Cb 
A120 Cylinder 
Metallized Be0 Disk, Sputtered 
no 
Spring Support P la te ,  Mo 
PBN Capacitor Stack, 0.78 
inch d i a .  
Pressure P la t e ,  PBN 
Al igmen t  Bushing, PBN 



HIGH-TMPEMnmE W m  OF *FACTOR I N  R M A l Z D  X-CUT QUMn RESONATORS* 
I. J.  P r i t z  

Sandi. Nat ionai  tabor* t o r i e a  f 
ATbuquerque. N. It. 87185 

The Q-farrors of piezoelectr ic  resonators fab- 
r i ca ted  from na tura l  and synthet ic  quartz  with a 34' 
rotated X-cut o r ien ta t ion  have been measured a t  tem- 
peratures up t o  3 2 ~ ~ ~ .  Thh synthet ic  material. u b k h  
was purif ied by e lec t ro lys i s ,  r e t a i n s  a high enough Q 
t o  be su i tao le  f o r  high-temperature prescrure-trans- 
ducer appl icat ions,  whereas tbe na tura l  quartz is 
u c e s s i v e l y  lossy  above 200 C f o r  t h i s  application. 
The present r e s u l t s  a r +  compared t o  r e s u l t s  obtained 
prevlars ly on AT-cut rewnators .  

operation it is n u e s ~ r y  t o  have a Q of w e t  1, 10' f o r  
a11 operating temperatures.' tt is tnwa from prsviou* 
vork on quartz t h a t  the  Q depends on a number of  f a c t o r s  
including c r y s t a l l i n e  o r i e n t a t  ion, grovt h coadi t ions 
(natural  o r  synthet ic) ,  sample preparation, and t h e  
number a d  type of defec t s  present. the present work 
ws undertaken t o  character ize the  temperature depen- 
dent Q-factor of rotated X-cut quartz  resonators 
fabricated both f r a  na tura l  and synthet ic  (electrol-  
yzed) material.  

Introduction Exwr h e n t s  

Quartz-resonator pressure transducers a r e  being 
developed a t  Sand% Na:ioaal Laboratories f o r  high- 
temperature (a300 C) appl icat ions i n  g e o t e c b l o g y  
areas. ' Areas of par t  i cu la r  i n t e r e s t  include survey- 
ing of geothermal and deep o i l  and gas  resources. In 
order  f o r  a c r y s t a l  resonator t o  be used a s  a pressure 
gauge, the  e f f e c t  of temperature changes on t h e  res- 
onator frequency u a t  be minimized compared t o  t h e  
pressure-induced Crequency s h i f t .  Thus it is des i rab le  
t o  use a resonator design that is teaperature-compen- 
sated t o  a s  high a degree a s  possible  over the  tem-  
peracure range of in te res t .  P la te  resonators  operating 
i n  t h e  thickness shear mode a r e  generally u t i l i z e d  i n  
temperature-cumpensated appl icat ions,  a s  they have 
turnover points  i n  t h e i r  frequency v s  temperature 
charac te r i s t i cs .  This means t h a t  t h e  der iva t ive  
df/dT (f - frequency, T = temperature) is zero a t  some 
appropriate temperature. For appl icat ions around 
200-300~~.  a rotated X-cut o r ien ta t ion  of the resonator 
p l a t e  has been shorn t o  be more s u i t a b l e  than otber  
temperatxre-carpensated ur ien ta t ions  because it 
e ~ h i b i t s  a lower curvature of f(T) a t  the  turnover 
point.2 The geometry of the  rotated X-cut p la te  is 
shovn i n  Fig. 1. Here a ro ta t ion  angle of e = 34' is 
shown, a s  t h i s  is the  angle t h a t  provides compensation 
i n  the  temperature range of in te res t .  

ROTATED 

X-CUT 

Four samples were studied i n  t h e  present inves- 
t igat ion:  two na tura l  quartz  samples from Boffman and 
two synthet ic  cuartz  samples from Sawyer. The Sawyer 
mater ial  was e l ~ c t r i c a l l y  swept (electrolyzed) a t  
Sandia. Plano-convex resonators  v i t h  deposited Au 
electrodes were fabricated and   hen mounted i n  her- 
metical ly  sealed cans. The samples vere heated i n  a 
tube furnace, and care  was taken t o  s t a b i l i z e  t h e  
temperature before taking each Q measurement. 

The simple apparatus used f o r  the  Q measurements 
is shovn i n  Fig. 2. 

TEST APPARATUS 

current v i w  
rnistor 

- - 

Fig. 2 Apparatus used f o r  Q measurements 

The output of a frequency sythesizer  is used t o  e x c i t e  
the resonator and is s h l t a n e o u s l y  applied t o  t h s  
rrference terminal of a vector  voltmeter. Current f l o v  
through the resonator is monitored v i a  a current  
viewing r e s i s ~ o r ,  the  voltage across  which is applied 

I(. 
t o  the s igna l  input of the voltmetor. To ensure t h a t  

x' the rssonator is excited by e low impedaace source, t h e  
output of the syntheaizer is shunted by t h e  r e s i s t o r  

Fig. 1. I l l u s t r a t i o n  of the  34' rotated X-cut shorn t o  the l e f t  of the  resonator i n  the  drawing. 
o r ien ta t ion  used f o r  tpmperature-cwoensated With t h i s  arrangement t a e  voltmeter measures the  complex 
pressure gauge applications. admittance of the  resonator. Provided t h a t  the  res -  

onance is s u f f i c i e n t l y  strong, t h e  width (a t  the half 
A more de ta i led  descript ion of the  pressure gauge power ooints)  of the  resonance is the  difference of the  
being developed can be found i n  Ref. 1. frequencies fg5 and f45 where the current  and voltage - 

Although the X-cut orientation has been a r e  t 45" a t  of phase.' For the  resonarore used i n  

found to bf opt- frol the viewpoint of frequency the  present work. the resonances were solewhat maker  
v s  temperature and pressure charac te r i s t i cs ,  there a r e  than expect* under 'Ondit ions* Because Of 
no da ta  i n  the  l i t e r a t u r e  on the Q-factor of reeonators proved impractica1 'leasure Q about 
with t h i s  or ientat ion.  For s t a b l e  and r e l i a b l e  gauge lo' as doing so have required a 



pout-by-point t r a c i n g  ou t  of the  resonance c i r c l e  in 
the  c a p l u  admittance plane.) 

A l l  t b e  d a t a  p remen td  i n  t h i s  paper were obtained 
a t  the  t h i r d  over tone ( f e 3  Mt.) of  the  resonators. 
R e r x v t o r  data are t y p i c a l l y  obta ined a t  the f i f t h  
hrroaic. ,but f o r  t h e  present  dev ices  t h e  t h i r d  hnr- 
ro-tic exh ib i t ed  a h i s b e t  Q and a srrmer reammace 
tban d i d  the  fifzh.. 

Resu l t s  - 
Typical d a t a  s h m i ~ &  t h e  temperature-igduced 

s h i f t  in resonance frequency f o r  a e = 34.0 r o t a t e d  
X-cut r e sowtor  a t  a t u i a s ~ h e r i c  pressure  a r e  rbcrrm i n  
Fig .  3. 

Fig.  3. F rac t iona l  change i n  resonant  frequency vs. 
t e r p e r a t u r e  f o r  a (contoured) r o t a t e d  X-cut 
resonator .  

~ l s o  shown i n  t h i s  f i g u r e  is t h e  magnitude of t h e  

't;-.... * *  ---- a * .  1 
Fig. 4. Typical J a t a  f o r  a c o u s t i c  l o s s  Q-l up t o  

3 2 ~ ~ ~ .  -Data mere taken a t  3 HFz (3d ha-nic). 

Data obtatned f o r  a sample of  syn the t i c  swept 
quar tz  a r e  shovlr i n  the b o t t a  p a r t  of  Fig. 4. The 
d r -   tic improvement due t o  t h e  e l e c t r o l y t i c  p u r i f f -  
c a t i o n  is £ m e d i a t e l y  apparent.  S ince  t h e  Q is -re 
than 2.5 x 10' over t h e  e n t i r e  range of t l p e r a t u r e .  
it appcars  t h a t  syn the t i c  svept qua r t z  is s u i t a b l e  f o r  
p re s su re  gauge appl ic3t ions .  Data obta ined on t h e  
o t h e r  sample of svept  s y n t h e t i c  m a t e r i a l  a r e  s i m i l a r  t 
those  shown i n  Fig. 4. An important po in t  t o  mention 
wi th  regard t o  t h e  present  d a t a  is t h a t  t h e  a c t u a l  
i n t r i n s i c  Q of t h e  swept s y n t h e t i c  material -y be 
higher than t h e  d a t a  indicate .  Th i s  is because t h e  
r-sonators ve re  p la ted  and t h e  r e s u l t i n g  stresses mav 
doe ina te  t h e  l o s s  f o r  !ligh q u a l i t y  quar tz .  Previous  
w r k e r s  have not iced t h i s  ~ f f e c t , ~  and f o r  r e l i a b l e  
measureaents of Q 10' it is G v i s a b l e  t o  d r i v e  t h e  
r e sona to r  by c a p a c i t i v e  coupl ing a c r o s s  a gap. 

Discussion 

frequency s h i f t  produced by a p res su re  incrgase  of 
100 p s i  f o r  an  a c t u a l  pressure  gauge a t  275 c.' Foro I t  is of i n t e r e s t  to  compare t h e  present  r e s u l t s  

t h e  r e sona to r  measured, t h e  turnover point  is a t  300 C, with those in previous studies 

compared t o  t h e  value  of 2 2 0 ~ ~  expected from t h e  d a t a  l o s s  a s  a funct ion of  temperature. Nost of t h e  

i n  Ref. 2. The s h i f t  i n  turnover po in t  is believed due previous work in this area has been On 

t o  t h e  r e sona to r s  i n  t h e  present  work being s l i g h t l y  th i ckness  shear  resonators .  The ex tens ive  e a r l y  work 

contoured whereas t h e  previous work p e r t a l a s  t o  f l a t  t h a t  was done has  been revieved by ~ r a s e r , '  who d i scus -  
ses i n  d e t a i l  t h e  e f f e c t s  of impur i t i e s ,  r a d i a t i o n ,  and 

p la t e s .  e l e c t r i c a l  sweeping on t h e  temperature dependent 
a c o u s t i c  lo s s .  Nowick and s t a n l e y 5  have given a group- 

data as a function '' temperature t h e o r e t i c a l  a n a l y s i s  of d i e l e c t r i c  and acous t i c  r e -  a r e  shown i n  Fig. 4- *he quan t i ty  a c t u a l l y  p lo t t ed  is lenation in quartz and have used the results to 
t h e  l o s s  Q-' (on a l o g a r i t h i c  s c a l e ) ,  a s  is conven- i n t e r p r e t  d a t a  i n  t h e  l i t e r a t u r e .  
t i o n e l .  The upper curve  is f o r  t h e  n a t u r a l  (unnwept) 
ma te r i a l .  For t h i a  sample t h e r e  is a l o s s  peak a t  From s y m e t r y  conaiderr - ions ,  Nowick and S tan ley  
1, 70*c and a rapid increase of loss teclperature have argued that a l l  pure shear  .ode defo-tions w i l l  
above 2 0 0 ~ ~ .  A s  mentioned above, it was not convenient couple to relaxetional mdes transfomiq with the shple apperatus "ti'ized O F  

according t o  t h e  doubly degenerate  E r ep resen ta t ion  of 
Q much lower than 5 x 10'. ~ ~ v e ~ e r  i t  was observed 
t h a t  t h e  l o s s  d i d  con t inue  Co inc rease  wi th  increas ing the point (D3)* Since the AT-cut 
temperature up t o  3 0 0 ~ ~ .  

th i ckness  shear  mode involves  a pure shear  deformation, 
and s i n c e  t h e  r o t a t e d  X-cut t h i ckness  shear  d e  is 
ve ry  n e a r l y  a pure  shear  mode,* one w u l d  expect sk- 
i l a r  a n e l a s t i c  behavior f o r  t h e  two d i f f e r e n t  o r i -  
en ta t ions .  Of course ,  t h e  r g n i t u d e s  of t h e  anelastf: :  



r e l a x a t i o n s  cannot be deduced Era  s y m e t r y  arguments. 
Nonetheless, it t s  not p a r t  i cu la r -y  s u r a r i z i n g  :hat 
t he  d a t a  of Fig.  4 a r e  soaewhat s i m i l a r  t o  previously  
p u b l i s h d  d a t a  on AT-cut r e sona to r s  f ab r i ca t ed  from 
na tu ra l  and bwpt-synthet ic  quar tz .  

The previous ~ r k " ~  on a n e l a s t i c  l o s s  i n  qua r t z  
r e sona to r s  has  l ed  t o  a p a r t i a l  understanding of t h e  
r e l a t i o n  between va r ious  impur i t i e s  i n  t h e  samples and 
t h e  va r ious  l o s s  peaks observed. Unfortunately,  t h e  
behavior a t  low t e a p e r a t w e  is b e t t e r  understood than 
a t  high temperature.  A l l  quar tz ,  n a t u r a l  o r  syn the t i c ,  
con ta ins  a s i g n i f i c a n t  number (2 5 ppm) of a l s i r , u o  
(All3+) impur i t i e s  which s u b s t i t u t e  f o r  s i l i c o n  i n  t h e  
l a t t i c e .  T1.ese d e f e c t s  a r e  charge-comaensated by 
a l k a l i  i ons  (~a'. ~ i +  o r  K+) a t  i n t e r s t i t i a l  p o s i t i o n s  
adjacent  t o  t h e  All. Compensation by protons  is a l s o  
poss ible .  The motion of t h e  i n t e r s t i t i a l  ion among 
equivalent  p o s i t i o n s  i n  response t o  t h e  a c o u s t i c  s t r e s s  
is an  important mechanism f o r  producing acous t i c  l o s s .  
Careful  e l e c t r o l y t i c  sveeping can remove t h e  a l k a l i  
impuri t ies ,  and it is believed t h a t  protons  or.  in 
c e r t a i n  cares .  holes  provide charge compensation 
of t h e  AE". Water may a l s o  be incorporated i n t o  t h e  
qua r t z  l a t t i c e  (eg dur ing growth) by r ep lac ing  a 
Si-0-Si br idge with ttm Si-O-H s t r u c t u r e s .  

For n a t u r s l  qua r t z  t h e  rapid  r i s e  i n  l o s s  above 
2 0 0 ~ ~  a s  seen in  Fig. 4 is believed due t o  a l k a l i  ' i f -  
fu s ion  i n  r<?sponse t o  the  appl ied  s t r e s s .  Removal of 
a l k a l i s  by e l e c t r o l y s i s  is necewary  t o  reduce t h i s  
source  of l o s s .  The l o s s  peak shown a t  2. 7 0 ' ~  ir. 
Fig. 4 may be of t h e  same o r i g i n  a s  a s i m i l a r  peak 
observed i n  n a t u r a l  Braz i l i an  opal ine  qua r t z  and in  
f a s t  Z-growth cyn the t i c  quartz.' I t  appears t o  be 
a s soc ia t ed  wi th  OH bonds. 

The d a t a  fo r  syn the t i c  qu:rtz in  Fig.  4 do not 
show any evidence o f  acous t i c  l o s s  peaks. The previovs  
work on AT-cut resonr;tors has  s h m  t ha t  l o s s  peaks 
usua l ly  a r e  observed, but t h a t  they a r e  q u i t e  weak. I t  
appears  t h a t  t1.e beckground l o s s  due t o  e l ec t rod ing  9nd 
mounting may have obscured a n s  small  l o s s  peaks in 
t h e  present  ncssurements. 

TWO main conclus ions  may be drawn from the  present  
work. The f i r s t  is t h a t  t h e  acous t i ca l  10,s p r o p e r t i e s  
of r o t a t e d  X-cut r e sona to r s  appear s imi l a r  t o  those  
of t h e  wjdely s tudied AT-cut. Thus most pas t  
experience Jn AT-cut r e sona to r s  nay provide a 
valuable  guide  in des igning dev ices  us ing t h e  rotated 
X-cut. The second conclusion is t h a t  e l e c t r o l y t i c d ~ l y  
swept syn the t i c  quar tz  appears  t o  ha le  s u f f i c i e n t l y  
high Q f o r  pressure  gauge app l i ca t ions ,  whereas 
na tu ra l  qua r t z  is unsu i t ab le  f o r  t e r p e r a t u r e s  above 

2oo0c. 
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Int roduct ion 

As p a r t  of t~ :e  Uavy'r h i@ t e q k r a t u r e  e l e c t r o n i c s  
p r o g r n ,  h i @  t a p r a t u r -  b a r r i e r  r t a l l i z a t i o m  wcrc .. 
u r r s s c d  and t r r t t d  f o r  I ~ L  q d  ClbS app l i ca t ion r .  L i f e  
t e a t 8  were acce le ra t ed  t o  375 C i n  v iev of the -55O~ t o  
+3W C temperature r m g e  e s t ab l i shed  f o r  engine-located 
e l e c t r o n i c r  without f u e l  cooling. 

The gold-refractory  m e t a l l i z a t i o m  evaluated wcrc 
Au-Tim-PtSi, Au-TiW/Ti02/TiW-PtSi a d  Au-TiW(N)-PtSi. 

These m e t a l l i z a t i o n  s p t c m s  vcrc  thermal ly  anncalcd t o  
a t  l e a s t  375O~ f o r  up t o  2H) hours. The c r i t i c a l  re- 
q u i r a e n t  f o r  s t a b l e  d i f f w i o n  b a r r i e r  is the TiU g r a i n  

r i t e .  Sull g r a i g  (2502-5001) f i lms were obrcrved t o  be 
s t a b l e  up t o  375 C. Dcporit ion t o  T i 3  d i f f u s i n n  b c r r i e r  
i n  the  presence of oxygen and n i t rogen  a l s o  r e s u l t s  i n  
an e f f e c t i v e  d i f f u r i o n  b a r r i e r .  L i f e  t e s t s  a t  3 4 0 ~ ~  up 
t o  100 hour, have been copplr?ted. 

AES p r o f i l e s  of the  P tS i  i nd ica t e s  saac  pcnct;ation 
by the  TIY. I n  the  case of PtSi/TiU i n t e r f a c e ,  t he  re- 
d i s t r i b u t i o n  of oxygen f u r t h e r  pa r s iva tc s  the s y s t ~ m  by 
forming a Ti02 l aye r  a t  thc  i n t e r f a c e .  Characterization 

2 of I L deviccs subjected t .  340 '~  anncais w i l l  a l s o  bc 
presented. 

High Temperature H e t a l l i z a t i o n s  

The Au-TiW Systcm 

Previous i a ~ c s t i g a t i o n s ~ - ~  on the  i n t e r d ~ f f v s i o n  
and r e l i a b i l i t y  of  Au-reftactcry f i lms  uscd i n  d c v i i r s  
have neglected "subr t ra te"  e f f e c t s .  It is  recognized 
t h a t  t he  s u b s t r a t e  can bc a very  a c t i v e  mcmlcr of d i f -  
f w i o n  couples vhich may i n  many cascs  r c c c l c r a t e  dcgra- 
da t ioo  observed i n  t h e  gold conductor and rcLractory  
b a r r i e r .  

and P tS i  a r e  r h a m  i n  ri@r 1. A t  37s0c thc rc  i r  ao 
e n h a n c m n t  of the di:fwicrn between S i  m d  Ti(W). Thir  

SPUTTERING TIME IMlNI 

In  a s ses s ing  the  high L e o p c r a t ~ r c  r e l i a b i l i t y  of [cI Si-RL-Wlfl)-Au 
Au-Ti(W) f i lms  f o r  high temperature app l i ca t ions ,  we nsOc a HAS 
compare the  r o l e  t h a t  3 d i f f e r e n t  in tervening l aye r s  cn Z 
r i l i c o n  s u b s t r a t e s  p lay i n  the etsbility of these  metal- b I.O..~~ t \ ,---.---!!!!EL Si l i u t i o n s .  T b s c  i i y e r s  a r e  P tS i ,  SiOZ and Si3N4. Each R m. ; I  

-, 4 
I 

of the  l aye r s  have, on occasion, been incorporated i n  
UPTS. The S i  N i s  uscd f o r  pass iva t ion  and the  P tS i  3 4 
l aye r  is  used a s  the o h t i c  con tac t .  

Table I  summarizes the depos i t ion  condi t ions ,  giv- 
ing f i l m  th i ckncs r ,  s p u t t e r  t a r g e t ,  s u b s t r a t e  t e m p r a -  
t u r e  and f i l m  c h a r a c t e r i s t i c s .  

TABLE I 

Deposition Condition8 f o r  Small Grain S ize  
TiW Di f fu r ion  Bar r i e r s  

Film Thickness 12002 - 18008 

I@ Sput tered W O q 7  Target 

Subs t r a t e  Tempraturc  1 ZOOC 

R e r i r t i v i t y  of TiW 77 p Q-cm 
Grain S ize  250 - 7502 

The d i f f e rence r  i n  the  Ti(W) r e a c t i o n  with S i ,  S i02 

Figure I .  Dif fus ion  p r o f i l e r o f  the TiW d i f f u s i o n  
b a r r i e r .  (A) S i l i c o n  s u b r t r a t e ,  (B) Si02/Si  
s u b r t r a t e ,  (C) P tS i /S i  

i r  as expactcd from the d i f f u r i v i t i e s  of t hese  r y s t e a r  

which i r  of the o rde r  of ca / rec .  Likewire,  t he  
i n t e r d i f f u r i o n  e f f e c t s  a r e  minimal between Si02 and 

ri(W) a t  t h i s  t e n p r a t u r c .  Hwever ,  when the  l a y e r  is 
P tS i ,  i t  a c t r  a s  .I rourcc  and r i n k  f o r  S i l i c o n  a t o m  
r e r u l t i n g  i n  the  o r ~ t d i f f u s i o n  of  S i  i n t o  t h e  r e f r a c t o r y  
f i lm.  The c o u n t  of S i  de t ec t ed  i n  the  Ti(W1 f i l m  i r  
not r r c i r f a c t o r i l y  expla ined f r m  a r o l i d  r o l u b i l i t y  



ar-nt. There resu l t8  agree with our previour work 
6 t h  Ta on S i  m d  PtSi and with Sinha'r work with WSi2 

formation on PtSi-Si substrater .  The excesr r i l i c o n  i n  
the TiW wi l l  r c r u l t  i n  a refractory r i l i c i d e  fornation 
a t  higher temperatures. Our coaclurion, t o  date, is  
tha t  the #u-TiW ryrtem with m a l l  p a i n  TiW is s t a b l e  
up t o  375 C. 

The Oxide/Nitride Arrir ted Diffurion Barr ierr  

The depori t ion of TiW i n  the presence of oxygen 
overpiersure o r  nitrogen has been determined t o  improve 
the overal l  thermal s t a b i l i t y  of the TiW diffusion bar- 

r i e r .  An overpressure of Torr of oxygen or  ni t ro-  
gen war used i n  each case r e r u l t i n g  i n  T i t a n i m  n i t r i d e  

parr ivat ion of the TiW grain boundaries .4'5 Since thg 
primary d i f fus ion  mechanism a t  temperatures b e l w  500 C 
is gra in  boundary d i f fur ion ,  the formation of TiN a t  
che TiW grain boundaries i n h i b i t s  s ign i f ican t  grain 
boundaries up t o  4 5 0 ~ ~ .  The Au-TiW(TiN)-Pt~i system 
war found t o  be s t a b l e  up t o  0 5 0 ~ ~  as  shown i n  Table 11, 
vhere the a t .  X S i  and Au detected i n  the bulk of the 
TiW by energy dispersive x-ray analysis  i smmarized. 

TABLE I1 

Evaluation of the TiW(TiN) Diffusion Barrier 
up t o  4 5 0 ~ ~  

Anneal Temperature a t .  X S i  a t .  % Au 
(100 h r s )  Detected i n  TiW(TiN) 

Rouevet, a t  450°C, the s ign i f ican t  observation is tha t  
S i l i con  was not observed i n  the Au overlayer t h t s  show- 
ing the overa l l  s t a b i l i t y  of T i w ( T i ~ )  a s  a diffusion 
bar r ie r .  

2 I L Test Elements With Au-TiW M e t a l l i z a t i o ~ s  

As par t  of the Navy's High Temperature Electronics 
" 

a custom I ~ L  metal l izat ion t e s t  mark s e t  'rids been pro- 
cessed using the Au-TiW-PtSi system. The t e s t  mask 
includes a nlrmber of d i f fe ren t  t e s t  elements which a r c  
aimed a t  determining design constraints  on ohmic con- 
t a c t s ,  metal vidth anJ spacing. Also included a r e  sym- 

2 metrical  c e l l  I L logic  gates and r ing  osc i l l a to rs .  The 
i n i t i a l  t e s t  r e s u l t s  look promising i n  tha t  2 of 6 (8%) 
of the o r c i l l a t o r s  fa i l ed  within 275 hours. A t 3 t a l  of 
s i x  o s c i l l a t o r s  have now reached 580 hours with no 
fa i lu res .  These t e s t s  are  continuing and additional 
refinements t o  the metal l izat ion w i l l  be incormrated 

2 i n  the I L devices t o  be procesred i n  the future. 
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ANORPHOUS IIETULIZATIONS FOR HIGH-TBBERAIURJS 
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Abstract - In t h i s  paper we present t h e  i n i t i a l  
resu l r s  of work on a new c l a s s  o f  se~ iconduc tor  metal- 
ixat ions which appear to hold g r e a t  promise a s  primary 
metal l izat ions and di f fus ion  b a r r i e r s  f o r  high-teaapra 
a tu re  device appl icat ions.  m e a e  meta l l i za t ions  cons i s t  
of s p l t t e r - d e p s i t e d  f i l m  of high-Tg amorphms-metal 
a l loys which (primarily because of t h e  absence of g ra in  
b u n d \ r i t s )  exhibi t  exceptionally good corrosion-res is- 
tance and lov d i f fus ion  coeff icients .  Amrphous films 
of the  al loys Ni-Nb, N i - M o ,  W-Si ,  and Mo-Si have Seen 
deposited on S i ,  G8As. Gap, and various insulat ing sub- 
s t r a t e s .  The films adliere extreaiely well *a the  
sbra tes  and remain amorphous during thermal cycling t o  
a t  l e a s t  50O8C. Ftutherford Backscattering (m! and 
Auger Electrot. Spectroscopy (AES) measurements ind ica te  
atomic d i f f u s s i v i t i e s  i n  the  10-19 > C ~ / S  range a t  450°C. 

One of the  mst d i f f i c u l t  probltms associated with 
t h e  design of semiconductor devices i n t e ~ d e d  f o r  high- 
temperature operation is t h a t  of  f ~ n d i n g  a s u i t a b l e  
metal l izat ion systemfor ~ r o v i d i n g  contacts  t o  t h e s a i -  
conductor. Typical d i f f i c u l t i e s  which l i m i t  the  l i f e -  
time of  semi~onducror devices a t  high temperature in- 
c1.'3e: (1) a l t e r e c  e l e c t r i c a l  behavior caused by in te r -  
d i f  fk-ion of metal and se~iconduc tor :  (2 )  dimensional 
changes o r  anbrittlement caused by compound formation, 
o r  grain-growth; and (3) catastrophic metal l izat ion 
f a i l u r e  due t-0 electromigration. These must be consia- 
ered a s  i n t r i n s i c  f a i l u r e  modes i n  thc  sense that,while 
they may vary i n  absolute  and r e l a t i v e  importance frgm 
one system to another, they must always be present to 
some extent.  Furth-.nnore, a l l  o f  these f a i l u r e  modes 
involve d i f fus ive  t ransport  within and/or among the  
metal and semiconductor layers ,  and increase roughly 
e x p n e n ~ i a l l y  with increasing temperature. The design 
of high-temperaturemetallizations, therefore,  necessar- 
i l y  involves a search f o r  means t o  impede atomic difEu- 
s ion  within the  metal-semiconductor system. The most 
common approach t c  the  problem of  l imit ing diffusion 
between d i ss imi la r  mater ials  involves t h e  use of inter-  
vening metal l izat ion layers  3 i c h  a r e  intended t o  a c t  
a s  diffusion b a r r i e r s .  A well-known example is provided 
by t h e  Ti-Pt-Au metal l izat ion which is used i n  the  
"Beam-Lead" technology 11.21 . This metal l izat ion (on 
S i )  has survived b r i e f  s t r e s s - t e s t s  a t  over 400°C, but  
degrades rap?;lv a t  a l l  temperatures above 350°C [21. 
Similar r e s u l t s  a r e  obtained with many other  diffusion 
b a r r i e r s  131. The reason f o r  t h e  f a i l u r e  of convention- 
a l  passive d i f fus ion  b a r r i e r s  is simple, but  has only 
recent ly become well-recognized: Dif fusj  ve t ransport  
i n  polycrystal l ine thin-films is dominated by diffusion 
along gra in  boundaries and dis locat ions a t  a11 r e a l i s t -  
i c  operating temperatures [4] .  The b a r r i e r  layer  can- 
not be  f u l l y  e f fec t ive  i f  it is, itself, a th in ,  p l y -  
Crystallilie film. Nicolet has recent ly niven a compre- 
hensive review of thin-f f l m  diffusion b h ~ r i e r s  131, i n  
which the  impr tance  o f  grain-boundary d i f fus ion  is 
highlighted. I n  add i t ion  t o  reviewing the  shortcomings 
of  t r a d i t  lonal d i f fus ion  b a r r i e r s ,  Nicolet discusses 
more sophist icated conceptsincluding "stuffed bnr r ie r s"  
( i n  which the  gra in  boundary paths a r e  blocked by s u i t -  
ab le  impuri t ies)and "thermodynamically s t a b l e u b a r r i e r s  
(which u t i l i z e  stoichiometric compound b a r r i e r s  such a s  
t r a n s i t i o n  a?tal  n i t r i d e s  o r  b r i d e s ) .  I n  the present 
paper, we present an a l t e r n a t i v e  approach to t h e  design 
of  high-temperature metal l izat ions.  We propose t h e  use 
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of  sput tered arorphous metal films, e i t h e r  aa prmary 
m e b l l i z a t i o n s ,  o r  a s  t h i n  diffusion-barr ier  l ayers  be- 
tween conventional polycrystal l ine filras. 

Amrphous metal l izat ions a r e  eas i ly  produced by 
spu t te r ing  fromvarious transition-metal and t rans i t ion-  
metal/metalloid al loys.  As noted above, most of  t h e  in- 
herent r e l i a b i l i t y  problems of conventional metalliza- 
t i o n s  a r e  associated with p l y c r y s t a l l i n i t y  and atomic 
motion. I n  amorphous metals, the re  a r e  no gra in  bound- 
a r i e s  o r  dis locat ions,  and d i f f u s i v e  t ransport  is thus 
determined by bulk d i f fus ion  m e f f  i c i e n t s  [5,61. A s  a 
consequence, d i f f u s i v e  t r a w p r t  i n  amorphous metal 
f i lms can be orders  of magnitude slower than i n  poly- 
c r y s t a l l i n e  films of comparable mmposition. I t  is 
primarily fo r  t h i s  rcason t h a t  we bel ieve amorphous 
metal films c o r s t i t u t e  an in te res t ing  new c l a s s  of ma- 
t e r i a l s  f o r  sem'conductor metal l izat ion appl icat ions.  

F a t e r i a l s  Select ion 

If  arnorpkous f i l n s  a r e  to be useful  i n  the  pro- 
. posed appl icat ions,  it is necessary t h a t  they remain 
awrphous a t  the  desired operating temperatures. T y p  
i c a l l y ,  the  time constant f o r  c r y s t a l l i z a t i o n  is of  the  
order of 5 1 hour a t  t h e  g lass  t r a w i t i o n  tenperature, 
T , and extrapolates  t o  several  years a t  T 5 0.85 Tg 
[9,61. He have therefore focused on a l loys  havinq known 
o r  predicted Tg values of 2 500°C. Donald and Davies 
[71 have discussed various fac tors  which promote qlass- 
forming a b i l i t y  and high T values, and have published 
several  usefill t ab les  of  &own glass-forming composi- 
t ions.  After consideration of  the fac tors  discussed by 
these authors, we selected t h e  Ni-Nb, N i - M o ,  Mo-Si, and 
W-Si systens f o r  invest igat ion.  A f u l l  discussion o f  
our se lec t ion  c r i t e r i a  has been qiven elsewhere [a] .  

The s u b s ~ r a t e  requirements fo r  successful vapor 
deposition of amorphous metals a r e  eas i ly  s a t i s f i e d  by 
a h s t  any c r y s t a l l i n e  o r  amorphous so l id .  The main 
requirement is t h a t  the  s u b s t l a t e  surface remaia a t  a 
temperature well  below Tg during deposition. This, i n  
turn,  requires  t h a t  the  s u b s t r a t e  have a thermal con- 
duct ivi ty  adequate f o r  rap id  t r a n s f e r  of the heat-of- 
condensation to a heat  s ink.  The f a c t  t h a t  amorphous 
metals have been depositcd successful ly on such notably 
poor thermal conductors a s  pyrex (0 - 0.01 watts/cm°K) 
le3ves l i t t l e  doubt t h a t  a l l  common semiconductors (0  2 
0.1 watts/cmeK) w i l l  provide adequate heat-sinking and 
be useable a s  substrates .  Most of  the  work reported 
here was done using s ingle-crystal  S i  subs t ra tes ,  a l -  
though f u l l y  amorphous f i lms have a l s o  been obtained on 
GaAs, Gap, Ak203, g lass ,  mica, Cur and A& substrates .  

Film Preparation 

Amorphous me'al films were deposited by RF sput- 
t e r ing  using a Varian 980 diffusion-pumped spu t te r ing  
system. This system uses a s p l i t  c i r c u l a r  cathode, 9" 
i n  diameter, with a 3 1/2" cathode-to-substrate spac- 
iny. In  order  to s p l t t e r  a l loys  of uniform canposition, 
1/4" th ick  base cathodes of  e i t h e r  N i  o r  S i  were par- 
t i a l l y  covered by 10 m i l  f o i l  masks of Nb, Ho, o r  W, 
having uniform d i s t r i b u t i o n s  o f  holes to expose an ap- 
p ropr ia te  f r a c t i o n  of t h e  base cathode. I n  i n i t i a l  
work, t h e  exposed areas  of  base-cathode and f o i l  were 
approximately equal. For each of the  four  alloy-sys- 
tema studied,  t h e  a rea  r a t i o s  were subsequently ad- 



)tasted to achieve the desired film canposition using 
f-ck from amealinq s tudies  and el,?ctron-berm m i -  
croprube measurements. 

Sputtering was done using L2 x mrr ~ c .  pres- 
run, at a t o t s 1  RF power of <lkW. Under these candi- 
tions the deposition r a t e  was . typical ly  * 300°Wmin. 
I n  order  to providc: a deposi t  shich w a s  s u f f i c i e n t l y  
thick f o r  X-Ray d i f f r a c t i o n  and electrcln microprobe 
measurements, a standard sput ter ing time of  30.0 min. 
was used. Thus, most of cur films were approximately 
1 Wa thick. Compositional uniformity wa:? found t o  be 
typ ica l ly  f0.5 A t *  over a ii4" X 3/4" samp1.e area.  

I)Duti~.e Characterization 

The as-dewsited films were rout inely character- 
ized a s  to adhesion, film-thickness ( s ty lus  measure- 
ments), -position (electron beam microprone measure- 
a n t s ) ,  s t r u c t u r s l  order (X-Ray d i f f r a c t i o n  measure- 
ments)andelectr ical  r e s i s t i v i t y  (4-point probemeasure- 
men*&) . F9r semiconductor metal! ;ration appl icat ions,  
the adhesion and r e s i s t i v i t y  r e s u l t s  a r e  of par t i cu la r  
i r ~ t e r e s t :  We f ind t h a t  t h e  films adhere e x t r m e l y  w e l l  
*-o the semicondbctor substrates  and a r e  very r e s i s t a n t  
to scratching. No f lak i rq  o r  wrinkling was observed 
on ar.y of these films i n  the as-deposited s t a t e ,  nor 
a f t e r  thermal cyclinq between -200 and +500°C. S M  ex- 
amination shows the surfaces to be smooth and feature- 
less. T y ~ i c a l  roam-temperature r e s i s t i v i t y  values ob- 
tained for  th, as-deposited films a r e  a s  follows: 

~ l l o y  Composition s (~ f2cm)  R~(CU'Q 

Ni-Nb 55-60 A t t N i  200-230 2.0-2.3 
N i - M o  55 A t %  N i  110-13C 1.1-1.3 
No-Si 60 At0 Ho 160-200 1.6-2.0 
W-Si 90 At0 W 140-150 1.4-1.5 - 
The sheet resis tance values given i n  Col. 4 a r e  scaler2 
t o  a f i lm thickness of 1 u .  A s  expec4.ed, the r e s i s t i v i -  
t i e s  of t h e  amorphous f i l m  a r e  somewhat higher than 
the  r r s i s t i v i t i e s o f  corresponding p ~ l y s r y s t a l l i n e  films 
( typ ica l ly  a fac tor  of '5 higher) ,  but shee t  resis tances 
of the order  of 1 ::/O a r e  per fec t l f  acceptable for  many 
device applications. For those a p p l i c a t i ~ r r s  i n  which 
these r e s i s t i v i t i e s  a r e  excessive, i t  may be possible 
to overcoat the  amorphous metal with a layer  of Au o r  
Cu t o  nrovide a lower-resistance metal l izat ion.  

Annealing and Crys ta l l i za t ion  

A s  the crysta1liza:ion of amorphous metals i s  ::on- 
t r o l l e d  by k ine t ic  f a c t x s ,  any experimental va;ut! of 
the  c r y s t a l l i z a t i o n  temueratuue. T,, depends on t h s  
time-scale of t h e  expexinent. Fortunately, the e:.arac- 
teristic time f o r  c r y s t a l l i z a t i o n  Cs an extrmsnzly s t rong 
funct ion of temperature, so t h a t  reasonable e s t ~ i l a t e s  
of the maximum "operntlr< tanperatures" of amorphous 
n o t a l l l z a t i o n s  can be obtained using re la t ive iy  b r i e f  
annet ls .  The r e s u l t s  reported here were obtained by 
annealing t h e  samples f o r  one hour i n  evacuated quartz  
ampoules which a l s o  contained d small s lug of Ti f o r  
ge t te r ing .  

In order  t o  determine the one-tlour c r y s t a l l i z e t i o n  
temperature of a givon a i l c y  conposition, the following 
sequence was followed: The f i r s t  anneal was performed 
a t  dOOeC, a f t e r  which tha sample was r a v e d  from its 
ampoule for examinatzon by X-Ray Diffract ion (XRD). I f  
there was evidence of c r y - t a l l i n i t y ,  t h e  sputter-mask 

vas then a n n e a l d - a t  t h e  penultimate temperature, meas- 
ured f o r  c r y s t a l l i n i t y ,  and reannealed a t  successively 
higher temperatures using 50°C increnents. F i w l i y ,  a 
t h i r d  sample was Used to f ind  Tc to within 25.C. 

Figure 1 shows a sequence of typ ica l  XRD scans for  
i n i t i a l l y  amorphous Ni-Pb films ( 3 5 ,  N i ) .  It is some- 
what d i f f i c u l t  t o  judge whether o r  rot small Zeatures' 
on the akmrphous peak correspond to the e r i , r  s tages  of 
c ~ j r t a l ' i z a t i o n .  Massive c r ] s ta l l i za t ion ,  however, is 
umistakably evidenced by m e  appearance of numemus 
sharp diffrartrizrr peaks. These comments a r e  i l l u s t r a t -  
ed f i r  f i g .  1 by the 600°C and 650°C traces:  After  an- 
nealing a t  600°C, m a i l  bumps a r e  seen a t  28 = 39- and 
4S0. These fea tures  aro reproducible, am3 apparently 
indicate  a small nlume-fract ion o f  c r y o t a l 1 i t . e ~  i n  an 
amorphous matrix. After the 650°C anneal, the  39* p,eak 
is q u i t e  strong. but the 45' peak is e i t h e r  rnissit~g or 

~eposi ted 

t 

Fiqure 1. X-Ray Diffrsctometer scans of an i n i t i a l l y  
amorphus film of ::i-Mo a f t e r  l h  anneals a t  
successively higher temperatures. 

s ~ l i t  in to  several  peaks. I t  appears l i k e l y  t h a t  the 
path of c r y s t a l l i z a t i o n  i n  the N i - M o  system is complex, 
involvjng intermediate ?'lases. Similar e f f e c t s  a r e  
seen i n  the  other  a l loys  a s  well. TFS invest igat ions 
a r c  planned f o r  exploration of the  c r y s t a l l i z a t i o n  
mechanisms. 

The r e ~ . u l t s  of the  annealing s tud ies  t o  d a t e  a r e  
a s  follows: 

Alloy Composition TO(OC) i, : "Cl 

1) N i - N b  55 A t %  N i  500 550 
2) Ni-Nb 57 At$ N i  575 600 
3)  N i - M o  55 A t %  N i  525 550 
4 )  Ni-Xo 665 At0 N i  550 600 
5) Mo-Si 60 A t %  Mo 550 GOO 
6)  W-Si 90 A t %  W ( P a r t i a l l v  c r y s t a l l i n e  

a s  deprsi ted)  

uas a l te red  to achieve a r l i f ferent  a l loy  composition. The temperature To is the highest 1-hour annealing 
(Crystilllrzation temperatures below 400°C a r e  of no in- temperature a t  which n, evidence of c r y s t a l l i n i t y  has 
t e r e s t  a t  t h e  present time). I f  there was no evidence been observed. TI is the  lowest 1-hour annealing tem- 
of crystallization, the  sane sample Was resealed i n  an perature a t  wti-ch some evidence of c r y s t a l l i n i t y  has 
ampule ard annealed a t  500'C f o r  1 hour. This proce- been observed. The W-Si a l loys  deposited t o  da te  nave 
dure w a s  r e p : - - 4  2t 1OOS increments u n t i l  c r ~ s t a l l i z a -  contained a small volume-fraction of microcrystal l ine 

1 

t i o n  wa- 3r?.?c.?ted. A new sanple from t h e  Same batch phase i n  a predominantly amorphous matrix. F'urther re- 
36 1 .  



f i n a a n t  of the composition is required. Nevertheless 
a s  w i l l  be shown i n  the next sect ion,  t h e  largely ama- 
orphous OO-si films still function a s  e f fec t ive  disfu- 
s ion  b=riers .  

Diffusion 

The diffusion of  Au i n  amorpho~ls metal films is of 
g rea t  p rac t ica l  i n t e r e s t  because Au is widely used i n  
multilayer metal l izat ions 3rd bonding wires for  s m i -  
conductor devices. Au is a l s o  a prime candidate f o r  use 
a s  an overlayer t o  r e d - ~ c e  metal l izat ion resis tances.  

Air rds ion-inplanted into an amorphous Ni-Nb f i lm 
which was subsequently annealed and measured by Rather- 
ford Backscatterinq (RBS) to monitor any Au d i f fus ion  
[91. The amorphous film vas deposited on a single- 
c rys ta l  S i  subs t ra te  to  a thickness of  1b. and was com- 
posed of 56.5 At3 N i ,  43.5 A t %  Nb. The implanted Au 
p r o f i l e  was Gausdia1r, with a peak c ~ n c c n t r a t i c n  ef 3.3 
x 1020 cm-3 occtrrrinq YOG below +e surface, and a 
" f u l l  width a t  5alf  maxin'm" of  300A. Since a Gaussian 
~ r c f i l e  remains Gaussian during diffusion,  it is 
straightforward to dedusc diffusion coef f ic ien t s  f r o m  
t h e  half-widt!~s of f i t t e d  Gaussian curves. Figure 2 
shows a comparison of th., Au prof i l es  a f t e r  0.5 hours 

Figure 2. Comparison c f  the ion-implarrtcd Au prof i l o s  
a f t e r  al.nea;s of 30 minutes ark4 35 hours a t  
450DC, i1 , lustrat ing the  extremely low r a t e  
of diffusion of ;,u i n  amorphous Ni,-Nb e t  t h i s  
temperature. The prof i l e  change can o d y b e  
discerned by f i t t i n g  Gaussian curves t o  t h e  
data. 

arid 35 hours ~f annealing a t  45O0E. Analysis of +-9ese 
and s imilar  p rof i l es  obtained for  longer ar..,ealing times 
gives a d i f f u s s i v i t y  of  D * 8 l ~ ' ~ ~ m ~  /set: fo r  Au i n  
t h i s  a l loy  a t  450°C. Note that: (1) D 5 10-.18 cmi/s im- 
p l i e s  t h a t  an Au ztom would require  roughly 300 years 
to  d i f fuse  a dis tanza of 2p; and ( 2 )  the  annealing tem- 
m r a t u r e  of 450°C is very near the estimated glass- 
t r a n s i t i o n  temperature f o r  t h i s  film: The one-hour 
c r y s t a l l i z a t i o n  tempcrcture f o r  films of t h i s  composi- 
t i o n  is i n  the  neighborhood of  Tc 550°C, and T must 
be T,. Thus, our anneal temperature of 4 5 8 ' ~  is 
2.88 Tg. Rutherford Backscattering s tud ies  of in te r -  

d i f fus ion  between amorphous metal films and overlayers  
of Cu o r  Au, and between amorphous metal f i l m  and 
smiconducting subs t ra tes  a r e  current ly undernay, and 
no quant i t a t ive  r e s u l t s  can be  reported a t  t h i s  the. 

I n  add i t ion  to the RBS measurements, we have used 
Augar Electron Spfatroscopy (AES) , together with Ar-ion 
spltterinq t o  st\:& interdiffusion.  Fiqure 3 shovs a 
s e r i e s  of AFS p m f i l e s  f o r  an amorphous Ni-Nb f i lm on 
which a 750A Cu layer  was deposited. Aft- 10 houre 
of annealing a t  500°C, there  was a s l i g h t  broadening of 
the  Cu/Ni-Nb interface,  but no large-scale  interdiffu-  
sion. After one hour a t  600°C. however, the Cu,Ni, and 
Nb have thoroughly interdiffuzed,  and t h c  " interface" 
has mved very deeply ( r  2000A) i n t o  t h e  Ni-Nb film. 
O t h e r  Ni-Nb films of the  same composition were found to 
c r y s t a l l i z e  i n  one hour a t  57S°C. I t  is therefore c l e a r  
t h a t  c r y s t a l l i z a t i o n  is r e s p n s i b l e  f o r  the  sudden, 
massive motion of Cu in to  the Ni-Nb (probably along 
grain boundaries). Similar r e s u l t s  have been obtained 
with Au overlayers and w i t h  other  amorphous al loys.  I t  
is in te res t ing  t o  m t e  t h a t  we found essen t ia l ly  n, in- 
t e r J i f f u s i o n  between Au and amorphous W-Si desp i te  t h e  
f a c t  t h a t  the  W-Si contained a de tec tab le  ( t a t  small) 
volumefract ion of microcrystal l ine phase. Thos, we 
believe t h a t  p a r t i a l l y  c r y a c a j i i ~ ~ r  films can still func- 
t i c n  as  e f fec t ive  diffusion b a r r i e r s  a s  long a s  th.2 
c r y s t a l l i  t e s  a r e  well-separated by an amorpilous matri'c. 

0 SPUTTERING 
10 

TIME ( M I N )  

Figure 3. AES depth-profiles of  Cu, N i ,  and Nb. The 
top t race  shows the as-deposited s t ruc ture :  
A Cu l ayer  on amorphous Ni-Nb. Tlre middle 
t r a c e  shows t h a t  there  was very l i t t l e  in- 
t e rd i f fus ion  a f t e r  10 hours of  annealing a t  
500°C. The bottom t r a c e  shows considerable 
in te rd i f fus ion  a f t e r  only 1 ho-lr a t  600°C. 
The rapid in te rd i f fus ion  a t  60Q°C is a con- 
sequence of  c r y s t a l l i z a t i o n .  

CONCLUSIONS 

Amorphcus metal films of  appropriate  compositions 
can be deposited on semiconducting and insu la t ing  sub- 
strates, and remain amorphous a f t e r  one-hour anneals a t  
temperatures i n  excess o f  500°C. It  is very important 
to note t h a t  t h e  annealing tamperaturas used i n  this 



study r u e  ~ p e c i f i c a l l y  chosen to f ind the  temperature 
rurgea i n  which the  a l loys  under invest igat ion would 
~ r t a l l i z e  on a time-scale of one h w  (T 0.9Tg) . A t  
s l ight ly  lower temperatures, c r y s t a l l i z a t i o n  w i l l  no; 
be observable on any reasonab?.e laboratory time-scale. 
Our r-ulte a l s o  show t h a t ,  as long a s  the  f i lms rcmain 
.wrrplous,they exhib i t  exceptionally lowdi f fus iv i t i es .  
Indeed, t h e  W-Si results show t h a t  films contairiing a 
s m a l l  volume-fraction of microcrystal l ini ty  can still  
function as e f fec t ive  diffusion b a r r i e r s .  This obser- 
vation is  ?ensis tent  with our bas ic  working hypothesis 
t h a t  t h e  -.ivantages of amorphous metal l izat ions stem 
from t h e  absence of grain boundaries: A s  long a s  the  
volume-fraction of  microcrystal l ini ty  is small, the  
c r y s h l l i t e s  wil.! be separated by an amorphous matrix, 
preventing an interconnected network of grain boundar- 
i es .  A t  sme c r i t i c a l  volume-fraction (w!.;ch can be 
es t h a t e d  from percolation-tha3ry to  be abou' 0 - 3  [ lo ]  ) , 
the  c r y s t a l l i t e s  w i l l  merge, end an essen t ia l ly  p l y -  
~ r y s t a l l i n e  film w i l l  r e s u l t .  B-sed on the  work r e p r t -  
ed here, we conclude t h a t  film:; of  high-Tg md>rphous 
metal a l loys  a r e  indeed v iab le  candidates f o r  use a s  
high-tenperature metal l izat ions f o r  semiconduc:tor de- 
vices. We an t ic ipa te  t h a t  this; new c l a s s  of :semicon- 
ductor metal l izat ions w i l l  f in? important appl icat ions 
as primary metal l izat ions,  in te r layer  diffusion bar- 
riers, and corrosion-resis tant  overlayers. 

The Rutherford Backscattering meas ~rements were 
performed by P. S. Peercy of  Sandia L&or at-ories, and 
have been reported i n  more d e t a i l  elsewher? 191 . Sam- 
p le  preparation was do?? using the  f a c i l - t i e s  of the 
U.W. Integrated C i r u i t s  Laboratory, under the  direc- 
t i o n  of Professor H. Guckel. Annealing and XIU) measure- 
ments were performed by R. Thomas. 

This work issupported by the W E  DivjsionofPhoto- 
vo l ta ic  Et:ergy Systems and Division of ra thezmal  En- 
ergy, through Sandia National Laboratories, and by the  
U.W. Graduarc Sch.001. 
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OHnIC CONTACT9 TO GlA6 FOR HIGH-TZHPERATURe DEVICE APPLICATIONS 

W. T. Anderson, Jr., A. Christou, J. F. Giuliani and H. 8. Dietrich 
Naval Rerearch Laboratory 
Washington, D. C. 20375 

Ohmic contacts to n-type GaAb have been developed 
for high-temperature derice applications up to 300°C. 
Refractory metallizations were used with epitaxial Ge 
layers to form the contacts : TiW/Ge/GaAs , Ta/Ge/GnAs , 
Mo/Ge/GaAs, and NiISejGaAs. Contacts with high dose 
Si or Se iou implantation (loi2 to loi4/crr2) of the 
Ge/GaAs interface were also invertigated. The purpose 
of this work was to develop refractory ohmhc contacts 
with low soecific contact resistance (-10 R-cm2 on 
l x l ~ ~ ~ / c m ~ ~  GaAs) which a p  free of imperfections, 
resulting in a uniform N doping layer. 

The contacts were fabricaF:ed on epitafial GaAs 
lavers (n=2x1016 to 2x1017/cm3, grown on N (2x10'*/cm3) 
or semi-insulating GaAs substrates. Ohmic contact was 
formed by both thermal annealing (at temperatures up 
to 700°C) and laser amealing (pulsed Ruby). Examina- 
tion of the Ge/GaAa inserface revealed Ge migration 
into GaAs to form an N doping layer. 

Und'tr optimum laser anneal conditions, the gge- 
cific contact resistance was in the range 1-5x10 R-cmz 
(on 2~10~'/cn~ GaAs). This is an order of magnitude 
inprovement over thermally annealed ~ g / ~ i '  or ~ i / ~ e ~  
contacts. Thermally6annealed TiW/Ge had a contarC 
resistivity of lxtO RcmZ on lx10~'/crn~ GaAs undrr 
optimum anneal conditions. The contacts also showed 
improved thermal s;ability over conventional Ni/AdGe 
contacts at temperatures above 300°C. The contact 
resistivity ot thermally annealed TiW/Ge does not 
increase appreciably with a 350°C, 190 hr anneal, while 
that of Ni/AmiGe degrades appreciably between 25-35 hrs 
at 350°C. Under bias conditions (6V, 15 mA) the con- 
tact resistance of these contacts did not increase 
appreciably at 300°C after 160 hr. Preliminary refults 
with the lase.: annealed contacts showed no measurable 
increase in esistance after 6 hr at 350°C. 

Introduction 

Low specific contact zi-sistance ohmic contacts to 
n-type GaAs using epitaxial Ge films have been re orted 
using molecular beam epitaxy3 and vacuum epitaxy.Is4 
The epitaxial Ge film allows (in thcxy) the formation 
of coutacts with a u~.iform K' layer, in the highly 
doped Ge film itself3 or, from Ge doping of the G ~ A S . ~ "  
T h e ~ e  contacts should be more nearly free of impcerfec- 
tions compared to polycrysta?llne Ge or AuGe eutectic 
films in which rapid impuritv diffusion occurs at grain 
boundaries. Both thermal annealing and laser annealing 
have been used to form ohmic contact. Laser annealing 
was used to form these contactsS because when a refrac- 
tory metal overlayer is desired it was found2" that 
oven anneal tempecatlires in the range 500-750°C were 
required. Subjecting the entire substrate to these 
high temperawres can have deleterious effects on the 
active and semi-insulating GaAs layers and to other 
metallizatjons previously deposited on the chip, e.g., 
for the purpose of fabricating integrated circuits. 
1Lir problem can be obviated by selective contact 
arnealing with a laser beam. Pulsed laser annealing 
may also be importaut Ln obtaining enhanced activation 
of implanted dopanrs and in obtaining certain doping 
profiles wheo rapid heating and cooling are important. 

In tbis paper we :report on TiW (88 wt. # W, 12 
w t .  % Ti)/Ge, Ta/Ge, Mo/Ge, and Ni/L ohmic contact8 
to n-type GaAs which have two possibie areas of appli- 
;ations: 1) to device# which ace designed to operate 
for extended periods of time in a high temperature 

ambient (above 15O0C)l, and 2) to imprc-re the reitrbil- 
ity of devices which experience high channel or conrrct 
temperatures, such as power field-effect tranriators 
(FET) and tranaferred-electron devices (TED) .6 In both 
cases, local melting at imperfectionr in the con~actr 
can result in device failure. Formation of an N layer 
at the GaAs-contact interface by Ge doping ran also 
result in significant performance gain., in power FBTs 
and m D s  through reduction in contact resistance and 
increase< voltage levels. 

Experimental Hethod and Results 

Fabrication of the ohmic contacts was similar to 
that described ~ r e v i o u s l ~ . ~  A number of differer.t 
types of contacts were investigated: TiW/Ge, Tr/Ge, 
Mo/Ge, and Ni/Ge, 110th with and without a high dose of 
Ci or Se ion implanted ( I ~ )  at the Ge/GaAs interface. 
Ohmic contacts wer-e fsbricated on n-type epitaxial GaAs 
layep with carrier a concentration oi 2x1017/cm3 rorm 
on N (100) oriented GaAs substrates doped to 2xtOf8/cms 
or on GaAs epitaxial layers j~=lxl~'~/cm~, 20008 thick) 
grown on semi-insulatink (SI) rtaAs substrates. To pre- 
pare the GaAs surface for growth of the epitaxial Ge 
layer, the su~face was cleaned il. organic solvents, 
etrhel in a solution (10 d! HCP, 15 I& HF, 00 mP H20, 
6 drops of H 0 ) to remove carbon and oxygen, and 
placed i~rmed$a$el~ into a high vacuum system. Oxides 
were desorbed by heating7the substrate to 575OC for 15 
min in a vacuum of 2x10 Torr. Oxide desorption was 
carried out at 575OC because it was fourid4 by Auger 
electron spect.roscopy (AES) that the oxide concer .ra- 
tion was at a lil~nimllm at this temperature without 
greatly changing the GaAs stoichiomctry. An epitaxial 
Ge layer was then grown in the same vacuum at 425"C to 
thicknesses between 200 to 20008 by electron b e p  evap- 
oration from pure Ge source. For contacts on N sub- 
strates, circ~~lar Ge contact patterns (30 to 250 Vm in 
diameter) were formed bv etchinn and the metal over- 
layers were deposited t: thickn;sses between 1000 to 
2000x (by electron beam evaporation in the case of Ta, 
Mo, and Ni; and by sputtering in the case of TiW). 
Isolated circular contact patterns were defined using 
photoresist and lifting or by perfoxming the qeposition 
through a metal mask. Ohmic contact to the N backside 
was made with AuGe/Ni, alloyed at 450°C for 15 sec 
prior to fabrication of the frontside contacts. Typical 
contacts are shown ic Fig. 1. In the case of i->/~e/1* 
Si contacts to the GaAa epitaxial layer on SI sub- 
strates, transmission line model !TW) contacts were 
formed by etching the mesa. TiW, and Ge in three sep- 
arate etching steps. 

,,,,,.,? ~ N + G a ;  1 
AuGeINI AuGelNi 

IMPLANTED Sl 
175 krV, S x 10'' om-* 
200 h V .  3 x 10'' em-' 

Fig. 1. Schematic cross sections of typical refractory 
metal/Ge obmic contacts to Gas. 



Thermal annealing of the ~ i b ' / G e / ~ ~ ~ i  contacts 
(15004 T~W/GOO$ ~ e / l ~ ~ i  at 6OkeV. 2~10~'/r(a~) vas car- 
ried out in formins gas at 700°C. Near optimum anneal- 
ing condition~~of 25 min. the specific cuntact resist- 
an:c was 1x10 O m 2  as measured hp %he TLY 
Auger electron spectroscopy (AES) sputter profiles, as 
deposited and after sinterlag In vccuw, are shown in 
FIR. 2. After sintering, Ce migration into CaAs w ~ s  
observed indicating an N doping layer at the GaAs 
surface. This condit~on is necessary for a low spr- 
cific contact re~istance.~ T l ~ c  Si implant may also 
have been partially activated resultin$ in a further 
increase in the concentration of the S doping lhj~r. 
After 25 min at 700°C. Ga outdiffusion was also 
observed, alloving vacant sites for Ge or Si doping 
atoms. 

SPUTER TIME. WIN 

(a) 

SPUlTER TIME. MIN 

(b) 

rig. 2. AES sputter profile of TiW/Ge/CaAs contact, 
(a) as deposited anu (b) i{ter ohmic contact formatian 
at 730°C for I5 min at 10 Torr. 

Laser annealing was performed with a ruby laser 
which emitted a one joule, 22 ns pulse obtained by 
6-witching the cavity with a Pockel's cell. Experi- 
ments were performed hoth in single TEUOO mode and in 
multimode oper~tion. The single mode vas used for the 
small diameter ohmic cootart experiments while the 
multimode was employed for large area AES analyses. 
For the TEHOO mode case. a 0.8 nm circular aperture 
vas placed in the optical cavity. The output beam was 
Lhen focused to form a 260 pm diameter spot at the 
sample. A 30 .-o 50 pm diameter spot, which contained 
only the center of the Gaussian beam, was obtained by 
use of a metal mask. Ohmic contacts were obtained at 
energy densities between 0 .  OF to 5 ~ / c m ~ ,  depending on 
the type of contact. For the multimode case, the full 
one joule output vas homogenized by a method similar 
to that described by Cullis, et al.' by sending it 
through a 1.2 cm diameter fused quartz optical wave 

diameter at the sample of 0.7 a. Although this "light 
guide diffuser" was effective in homogenization of the 
multimode structure of tbr heam and reducing speckle 
patterns, "hot spots" were still observd at the output 
(particularly apparent on GaAs surfaces). A detailed 
analysis of the appearance of hot spots will be pub- 
lished later. 

Current/voltalqc (I/V) characteristics of i3 typical 
Ni/Cr contact before and after laser annealiny are 
shovn in Fig. 3 as displayed on a curve tracer. Before 
laser annealing the contacts were reasonably vell 
behaved Schottky barriers; the upper curve shows a 
reverse breakdown voltape of about 5 volts on 2xl0"/cm3 
doped CaAs. After a pulse of 0.04 ~ / c m ~  the rectifica- 
tion softens. indicat~ng some very limited wlting, 
perhaps cssociat*' with preferentially absorbing imper- 
fections on the cop surface. At 0.14 .J,'cm2 the contact 
vas ohmic and the photomicrograph of this contact. 
shown 1111 Fig.  3, indicated very sha' ,w, uniform melt- 
ing had occurred. Similar  result^ =re found with 
TiW/Cc, Yo/Ce. and Ta/Ce contacts 

BEFORE LASER ANNEAL 0.04 Jlcmz. 1 puke 

VERT 500\iAldiv VERT 500 pAldiv 
HOR: 1 V Li. HOR: lOOmVldiv 

0.14 Jlcmz 
VERT: 20 mAldiv 
HOR: 1OOmVldiv 

Fig. 3. Curve tracer I / \  curves of Ni/Ge/GaAs contacts 
before laser annealing and after laser annealing at 
0.04 ~ / c m ~  (soft Schottky barrier) and 0.14 ~ / c m ~  (suf- 
ficient energy density to form ohmic contact). Photo- 
micrograph of ohmic contact after 0 14 ~ / c m ~ .  

Experimental curves of the specific contact 
resistance versus laser energy density are shovn in 
Fig. 4. Yeasurements were made with a method similar 
to that of Cox and Strack.lu These results were 
obtained using the TEnOO mode with a 30 to 50 pm 
diameter metal mask over (typically) 250 pm diameter 
isclated contacts. Approximate melting points for each 
of Lhe contact types are shown at the top, rs deter- 
mined from photanicrographs of the irradiated surfaces. 
However, the melting points could not be determined 
precisely fi.orn the photomicrog..aphs and very shallow 
melting probably occurred below these points. It w? 
found that the contact resistivity was at a minimum 
near the melt in^ point for Ni/Ce and Ta/Ge contacts. 
Similar TiW/Ce contacts formed on n=2xl~"/cm-' 
CaAs euitaxial lay: s resulted in a specific contact I; resistance of 1x10 12cn2. The tilqher value of spe- 
cific contact resistance evidently resulted from the 
lower doping in the Cabs. Simiiarly, contact resistiv- 
ity values for Ta/Ge, tlo/Ge, and Ni/Ge were approxi- 
mately an order of ma nitude higher on 2 x l 0 ~ ~ / c m ~  as 
compared to 2x1017/cmg CaAs. 

guide which was bent and tapered to obtain a spot 

4 0 



Discussion o f  Laser h e a l  Reaults 

Fig. 2. Experimental values o f  s p e c i f i c  contact r e s i s t -  
ance a s  a function pulsed ruby l a s e r  energy density; 
~p indicates  approximate melting points  a s  determined 
f r m  surface photamicrographs. 

The interfaces before and a f t e r  l a s e r  annealing 
were investigated using IUS s p u t t e r  p rof i l ing  tech- 
niques. Figure 5 skous AES spu t te r  p r o f i l e s  of a Ni/Ge 
contact before l a s e r  annealing and a f t e r  l a s e r  ameal -  
ing a t  an energy densi ty j u s t  high enough t o  form ohmic 
contact. A d t r d e  7 r diameter beam was used t o  
i r r a d i a t e  a CaAs sample approxiu tc ly  10 m x 10 n 
containing 20001 N i  and 200021 Cc prepared a s  discussed 
above. A t  0.10 J / C ~  s l i g h t  w l t i n g  pa t te rns  could 
jy.st be obserPcd, indicat ing melting of the  N i  and Ge 
j u s t  to ,  and including, the  CaAs surface. This energy 
densi ty corresponded t o  the  threshold f o r  ohmic contact 
formation. Even a t  t h i s  lw energy oensi ty there w.s 
G e  migration i n t o  the  G a b ,  enough t o  g rea t ly  incinease 
t h e  n-tyr doping concentration a t  t h e  GaAs surface. 
Similar p rof i l es  were observed with Ta/Cc l a s e r  
annealed contacts.  These prof i l es  a r e  a l s o  typical  of  
Ni/Ge thermal amealed ohmic contacts  studied pre- 
viously. 
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~ i g .  S. AES spu t te r  p r o f i l e s  of a 20001 N ~ / ~ O O C ~  
Ge/GaA@ contact before l a s e r  annealing and a f t e r  l a s e r  
a ~ e a l i n g  a t  0.10 ~ / c m = ,  j u s t  at. threshold f o r  ohmic 
contact f o r u t i o n .  

The curves of  s p e c i f i c  contact res i s tance  n n w  
energy dcar i ty ,  ahom i n  Fia. 4, indicot? there  is B 
"window" i n  energy d e m i t y  wbich is appropriate  f o r  
the f o r u t i o n  of o&ic contact.  l b i a  vindov depends 
en the  layer  t h i c t m r s e s  of  the metal and e p i t a x i a l  
Cc, t h e  pulse duration, t o  s o w  extent  an the  sur face  
morphology, and a l s o  on the fuoduenta l  i u t e r a c ~ i o n s '  
of  the  l a t e r  beam with t h e  ooerlbyers and G a b .  Tee 
depth of melting and surface t c q e r a t u r e  a r c  deter-  
mined i n  p a r t  by the  absorptioa coef f ic ien t ,  s p e c i f i c  
heat ,  and them1 d i f f u s i v i t y  nf the  overlayers and 
G s A s  surface. CMmic contact  appeared t o  occur j a s t  a t  
t h e  threshold of melting. but t h e  w l t i n g  must be deep 
enough t o  melt a t  l e a s t  the  t p 50 t o  IWR of t h e  Gab 
surface t o  account f o r  t h e  AES p r o f i l e s  i c  Fig. 5. 
Sol id-state  diffusion processes a r e  too  slw t o  account 
f o r  these prof i l es .  Since the h e a t i a  and cooling 
ra tes  a r e  nearly t h e  same i n  pulse l a s e r  annealing 
dominated by t h e m 1  processes," the  Ce r i g r a t i v n  i n t c  
t h e  CaAs surface must occur i n  t h e  50-100 ns t h a t  the  
surface layers  a r e  n l t e n .  A mini- i n  t h e  s p e c i f i c  
contact resis tance apparently occurs j u s t  abcve the 
melting point  a t  an o p t i u  doping leve l  and prof i l e .  
It is assumed t h a t  lw contact  resis tance occurs by 
electrons tunneling between t h e  top w t a l  l ayer  and 
the  highly doped sur face  layer  i n  the GaAs.' Tbe spe- 
c i f i c  contact res i s tance  begins t o  rise a t  higher 
energy dens i t i es  a s  t h e  melt penetration becows deeper 
and the  surface temperature reaches the boil ing point.  
Surface evaporation and oblat ion can then r e s u l t  i n  
l o s s  of Ge and As (as well a s  loss  of par t  crf the  w t a l  
contact),  a s  has been observed with these contacts  a t  
high energy dens i t i es  by electron microprobe x-ray 
cnalysis.  This 28s fow~d t o  r e s u l t  i n  an increase i n  
the  spec i f ic  contact resistance. 

The advantages of l a s e r  annealing over t h e m 1  
annealing f o r  these par t i cu la r  high-temperature con- 
t a c t s  is seen i n  colparison with t h e m 1  annealing 
resul ts .  For s imi la r  o h i c  contacts ,  the  s p e c i f i c  con- 
t a c t  resis tance was more than an order  of magnitude 
higher when thermally >mealed2 and high ambient ta- 
peratures (up t o  650°C f o r  5 min) were required. ?he 
l a s e r  a ~ e d l r d  conlacts reported here a l s o  declons*rate 
an order of magnitude improvacnt i 3  contact nsistls- 
i t y  over Ag/Si contacts1 thermally annealed. n - s e  
contact.. a l so  compare favorably w i t h  conventional AuGe 
ohmic cz#acts, t o r  vhich a s p - c i f i c  contact res i s tance  
nf 1x10 h2 can be rout inely ob-ained, but wbich 
degrade s ign i f ican t ly  a t  350°C. 

High-Temperature Agind 

The ~ i~/Ge/I~s i  ohmic contacts  f o n d  on GaAs epi-  
t a x i a l  layers  on SI subs t ra tes  and t h e m a l l y  annealel 
were studied by high tcrpeature aging i n  an ambient of  
f o n i n g  gas. Figure 6 shows t h e  change i n  the s p e c i f i c  
contact resis tance a f t e r  exposure t o  temperatures 
between 350 t6  50C0C f o r  over 175 hours. The behavior 
of a typical  AuCe/Ni contact,  inriuded i n  the  350°C 
experiments, is shown f o r  corpa.ison. These r e s u l t s  
dewns t ra te  the  high-temperati re  reliability advantages 
of r r f rac tory  u t a l i e p x  -..Id G e  ohmic contacts.  With 
these contacts it was found t h a t  t h e  contcct  res i s tance  
did not increase appreciably up t o  190 hours a t  3S0°C, 
while t h a t  of AuGe s i g n i f i c a n t l y  increased between 
25-35 hours a t  350°C. 

Preliminary high-temperature aging experiments 
b i t h  the  l a r t r  annealed ohmic contacts ( ~ i w / ~ e / I * ~ i ,  
Ni/Ge/~~si, Ni/Ge, Ta/Ge, and4Uo/Ge) were a l s o  ca r r ied  
out by aging i 2  v;:rlum a t  10 Torr. No sea-urable 
change i n  s p e c i f i c  contact  resis tance was fomd a f t e r  
350°C f o r  6 br. 

The t h e m a l l y  anaealed TiW/Ge ohmic contacts  were 
a l s o  subjected t o  high-temperature aging under M: bias .  



Figure 7 shows the results at 300°C and 350°C after 
exposure for 160 hr. At 300°C the contact resist'vit . .---a. 1 
inrreased initially tut stabilized at ahout '. I mu . 
At 350°C the increase In contact resistlvi' us much 
larger. This was partially rxplaiard by th. rge out- 
diffusion of Ca, shorn in the ACS sputter pt,.il~s tn 
Fig. 8. 

0 - d  a so n too ix iso i m 
ANNEAL DURATION. HOURS 

Fig. 6. Specific contact resistance o f  thermally 
annealed TiU/Ce and AuCcfNi ohmic contacts s a func- 
tion of anneal time at various aging temperatures in 
forming gas. 
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Fig. 7. Specific contact resistance of tt~ewally 
annealed TiW/Ge contacts as a function of anneal time 
under bias conditions at 300°C and 350°C in forring 
gas. Test structure used to measure contact resistiv- 
ity (center mesa) and to study metal migration (long 
arms). 

Fig. 8. AES sputter profile (Gr and Ca) of thermally 
annraled TiU/Cr ohmic contact af'rr 350°C/40 hr anneal 
in form in^ Ras under bias conditicns, showing large Ca 
outdif fusion. 
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I NTKOMICiION 

A growing need. i s  developing f o r  monolithic semi- 
conductor c i r m i t s  for high terperature environments. 
St-devices hwe  been reported t o  operate up t o  
300°C.'*2 Because the upper operating teaperature of 
a bipolar device i s  determined by the bandgap o f  the 
semicoqductor material , GaAs (1.43eV) has a theoret i - 
cal  advantage over s i l i con (1.12eV). Based on bandgap 
considerations exclusively, GaAs could be expected t o  
be useful up t o  450°C; ; . fact, transistors have been 
operated at  t h i s  tmperature.3 Based nn these 
assessments a special program t o  study the high ten- 
perature aswcts o f  GaAs bipolar  transistors was i n i -  
t l a ted  i n  1966. The results o f  t h i s  program, which 
were reported i n  1968". shared: QAs transistors were 
l tmfted by leakage currents, rh ich exhibited a ten- 
perature dependence with an a c t i v a t i w  energy of 
0.7eV. The current g i n  hfe decreased rapidly with 
i n c t ~ a s i n g  tempe;-ature with an activation energy o f  
approx. 0.2eV, apparently due t o  a decrease o f  the 
minority car r ie r  1 i f r t i ~ne .  rlevices which operated 
above 400°C could he mde, but the fabrication y ie ld  
was extremely small. The technologj available a t  t h i s  
time was constrained t o  si' lfur and magnesium d i f -  
fusions rt temperatures at which surface decomposition 
could not su f f ic ien t ly  be suppressed. Wping control 
was poor. The devices had mesa structures wi th l i t t l e  
surface passivation. The fabrication o f  a sophisti- 
cated GaAs I C  was beyond reach. 

During the recent years the GaAs technology 
progressed rapidly, motivated ,dainly by the excel len t  
performance o f  microwave FET's. Ion implantation and 
annealing techniques were &valoped t o  f a n  reproduc- 
i b l y  t h i n  layers o f  controlled doping levels. This 
progress made i t  desirzble t o  re-evaluate the GaAs 
bipolar  device performance. Potenti a1 advantages o f  a 
GaAs bipolar technoioqy include: short minority 
car r ie r  l i fet ime; high electron mobi l i ty  at  low 
electron f ields; u'e o f  saturated d r i f t  velocity f o r  
load resistors (small area requirements); isolation-by 
boron implantation (requires less area than junction 
i solation) ; higher operating temperature than s i  1 icon 
devices. The bipolar  technology would perni t  the 
application o f  established Si bipolar c i r c u i t  concepts 
and d e l s  wi th only minor modifications. Some disad- 
vantages o f  GaAs, namely the low hole mobi l i ty  and the 
caaparatively low naximm donor concentration w i  11 
remain with us. The poss ib i l i t y  o f  d i f y i n g  the 
bandgap by using GaAlAs, e.g. fo r  wide band gap 
mi t ters,  and o f  incorporating opto-electronic p r i  n- 
c ip les make, t h i s  technology part icular ly exciting. 
The main difference between the s i tuat ion a decade ago 
and today i s  that ion-inplantation of fers the repro- 
ducible production of p n  junctions, avofding the 
damgin9 high temperature diffusions. Origfnally our 
pt esent program was designed t o  study the feas ib i l i t y  
o f  i GaAs bipolar I C  technology but not speci f ical ly  

r%-fi-Ga-G3-@hly<cfeaa- Eji-mFrFGAiF3NK- 
Contract No. NO0014-80-C-0936. 

the high temperature aspects. Results d ta ined  with a 
15-stage ring-oscil  l a t o r  were reported recently .5 1 t  
wf 11 be apparent that  specif l c  nodiffcations w i l l  have 
t o  be incorporated t o  extend performance acd re l i ab i l -  
i t y  t o  higher tenperatures, such as the replacement 
o f  the alloyed gold contacts. This paper w i l l  discuss 
the fabr icat ion and high temperature performance o f  
discrete bipolar  t ransistors and of a 15-stage r ing  
osci 1 lator. 

DEVICE FABRICATION 

The fabr icat ion o f  GaAs bipolar  transistors by 
ion implantation fnto bulk GaAs has been reported 
p r e ~ i o u s l y . ~  The fabr icat ion o f  the r ing-osci l lator  
requires an epi taxia l  nln+ structure. The s tar t ing  
GaAs substrates, purchased from carmercial suppliers, 
come from Hridgnan-grown single crystals. The 
AsCl3-Ga-H? vapor phase epi taxia l  process i s  employed 
t o  ieposit -2 layers: f i r s t  an approx. 3 micron thick 
layer with a donor concentration o f  approx. 8 x 

m3, followed by an undoped layer, approx. I 
mi-ran thick. The VPE technology, as applied t o  
microwave devices i n  ou* laboratory, has previ arsly 
been described i n  the l i t e r a t ~ r e . ~  

Fig. 1 Cross-section o f  a bipolar I C  structure 

The cross-section of a bipolar  IC-structure i s  
shown i n  Fig. 1. The npn t ransistor  operates i n  the 
"upw-mode: the n+-epitaxial layerlsubscrate acts as 
emitter, the surface n-layer i s  the collector. Alsc 
shown i s  the load resistor. The fabricated structures 
d i f f e r  from Fig. 1 i n  one respect: they have only 
one alloyed col lector  contact on the n-type surface 
layer. 

The formation o f  the n- and p- layers employs 
ion-implantation. The detai 1s of the donor implan- 
ta t i on  are drawn from extensive experie.ice wi th GaAs 
FET'S.~ The base-layer i s  formed by a deep lnrplant o f  
Be, which i s  known t o  have high act ivat ion a t  low 
anneal temperatures. , l o  Pre~ervat ion o f  the GaAs 
surface morphology during the high tmperature 



annealing step I s  achieved by the  proxiini t y  anneai i n g  
technique. e*ll The sequence o f  fabr icat ion zteps f o r  
the  b i p o l a r  s t ruc tu re  i s  as fol lows: 

1. Shallow Se implant (1 x 1013 cm-L 150 keV 
p lus 2 x 1013.n-2, 360 keV a t  353%). 

2. Anncal a t  850°C f o r  30 min. 

3. Deep Re implant (6 x lo1' cm-2, 180 keV) t o  
form the base layer. 

4. Anneal a t  800°C. 30 minutes. 

5.  Local ized Re imp l ln ts  t o  form the p+ contact 
r e  ions (1 x In!' c r 2  a t  40 keV p lus 1.5 x 9 10 ' ~ m - ~  a t  80 keV). 

6. Anneal a t  700°C, 30 minutes. 

7. Local ized Roron implant t o  form the i so la -  
t i o n  region ( Z  x IOIL, 4 x 10i2. 6 x 10;2 
~ m - ~  a t  50, 140: 320 keV, respect ively).  

SijNq serves as implant mask and f o r  device pas- 
s ivat ion.  Contacts are al loyed Au-Ce-Ni f o r  the n- 
type material  and a l loyed Au-Zn f o r  the p-type base. 
T i  - Au i s  used f o r  interconnections. St r ipes o f  
GaAs, whose width i s  adjusted by a Roron implant, 
serve as load res is tor .  

The doping p r o f i l e  o f  the complete s t ruc tu re  i s  
presented i n  Fig. 2. The ion-implantea p r o f i l e s  are 
ca lcu lated according t o  the LSS-theory, mooif i ed  by 
e x p e r i m e ~ t a l l y  observed act ivat ions. The t r a n s i t i o n  
from the n+ epi layer  t o  the surface n-layer was 
eztabl ished by C-V p r o f i l i n g .  

Fig. 2 Doping p ro f ; l e  

Fig. 3 GaAs Ring-Oscil l a t o r  

DEVICE PFRFC?MANCE -- 
f i  15-stage r i n g  o s ~ i l l a t o r  was tested i n  the tm- 

perature range o f  25OC - 390°C. Fiq. 3 shows a 
micrograph of the c i r c u i t  a f t e r  t h i s  test .  The c i r -  
c u i t  was mounted i n  a ceramic IC-package and p1a:ed i n  
an oven. The package was not sealed. i.e. the GaAs 
device was exposed t o  hot a i r  during the  tes t .  The 
b ias  voltage was 1.75 vo l t .  resu l t i ng  i n  a t o t a l  i npu t  
current  o f  5 nd a t  25OC, increasinq t o  7mA a t  385OC. 
Fig. 4-6 present the output signal a t  25". 240°C. 
385°C. The gate delay time increases from 3.311s a t  
25OC t o  6.7ns a t  385°C. The t ime constant o f  the c i r -  
c u i t  i s  dominated by the product o f  the capacity of 
the  forward biased cmi t te r  diode times the load 
res is tor .  The decrease of the e lect ron m o b i l i t y  i n  
t h e  Gaks load r e s i s t o r  causes the time constdnt t o  
increase. The output signal o f  the r i n g  o s c i l l a t o r  
approx. t r i p l e s  w i t h  r i s i n g  temperature. Two e f fec ts  
contribute t o  t h i s  ef fect : l . the incre3sed value o f  the 
load resistor; 2. The s h i f t  of the Fermi leve ls  
tonards the center of the bandgap w i t h  increasing tem- 
perature decreases the bui 1 t-i n voltage of the mi t t e r  
junct ion. thereby increasing the i n j e c t i o n  current  and 
decreasing the saturat ion voltage. The r i n g  o s c i l l a -  
t o r  f a i l e d  a: 390°C. The examination o f  the f a i l e d  
device shows a damaged m t a l l i z a t i o n  i n  the v i a  holes 
o f  the voltage supply bar, as shown i n  Fig. 3. m i i s  
was probably caused by a rea l loy ing  o f  the Au 
contacts, and a subsequent break i n  the m t a l l i z a t i o n  
on the  v i a  sidewalls. 

A d isc re te  b i p o l a r  t r a n s i s t o r  o r  t h i s  same ch lp  
nas subsequent 1 y character ized i n  deta i  1. The t ran-  
s i s t o r  charac te r i s t i cs  were measured both f o r  
"downU-mode (surface layer  as emi t ter )  and the  
"upM-mode (surface as col lector .  corresponding t o  the  
mode i n  thc  r ing-osc i  1 la to r ) .  Furthermore the  leakage 
currents  o f  the emi t ter  diode, the c o l l e c t o r  diode and 
ICEO were detennined between 25OC and 400°C. Fig. 
7-10 present some curve t racer  p ic tures o f  the t ran-  
s i s t o r  characteri;t ics a t  d i f f e r e n t  temperatures. The 
device e x h i b i t s  current  gain beyond 400°C. The usefu l  
temperature range i s  l i m i t e d  by junc t lon  leakage 
currents. Fig. 11 presents p l o t s  o f  1 ~ ~ 0 ,  i n  both 
"up" and "down" mode, and the emi t te r  and c o l l e c t o r  
diode leakage currents at  2 v o l t s  vs the rec iprocal  
temperature. Both diodes have very s i m i l a r  leakage 
currents w i t h  a temperature dependence corresponding 
t o  an a c t i v a t i o n  energy of approx. lev. IC 0 i s  tem- 
perature insensitive t o  about 200°C; then !t becomes 
dominated by the leakage current  o f  the  reverse biased 
c o l l e c t o r  junct ion. The dif ference i n  Ic-0 i n  the 



Fig. 4 GaAs Ring-nsc i l la tor ,  2 5 O C  

Fig. 5 Gats Ring-Osci 1 la to r ,  240°C 

Fig. 6 GaAs Ring lJsc i l la tor ,  3 8 5 O C  

two nodes i s  probably caused by the asymmetry o f  the 
doping p r o f i l e  and the geometry cf the t r a n s i s t o r  
structure. -he current gain as a funct ion o f  tem- 
perature i s  presented i n  Fig. 12. :r, the "up"-mode 

h f e  
i s  temperature insensi t ive t o  approx. 350°C. This 

c.rformance i s  i n  contrast w i th  resu l t s  obtained 
p ~ * e v i o u s l y ~  from dif fused t rans is to rs  where the 
current gain of the best device began t o  decrease 
a 1 ready be1 ow 250°C. 

CONCLUSION 

Ion-implantat i  on techniques permit the reproduc- 
i b l e  f a b r i c r t i o n  o f  b ipo la r  GaAs IC's. A 15-stage 
r i n g  o s c i l l a t o r  and df screte t r a n s i s t o r  was charac- 
te r i zed  between 25' and 400°C. The current  gain of 
the t rans is to r  was found t o  increase s l i g h t l y  w i th  
temperature. The diode leakage currents increase wi t h  
an ac t i va t ion  energy of approx. 1 eV and dominate the 
t r a n s i s t o r  leakage current ICEO above 200°C. Present 

r ig .  ' Ga4s b ipo la r  t r a n s i s t o r  
a t  2 5 O r : .  " dW' -qode  

Fig. 8 GaAs b ipo la r  t r a n s i s t o r  
a t  2!i°C, "rrp"-noje 

Fig. 3 GaAs b ipo la r  t r a n s i s t c r  
a t  390°C. "dawnn-mode 

Fig. 10 GaAs b i p o l a r  t r a n s i s t o r  
a t  400°C, "upw-mode 
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.f devices f a i l  catastrophical iv a t  - 4M°C because of 
the Au-actallization. For the developlent o f  a 
re l i ab le  GaAs bipolar  IC-tcchoi rgy f o r  the 350°C-range 
the  fo l  lowlng subjects have t o  be addressed: 
Inplanentation of n f r a c t o r y - m e t ~ l  contacts; ra is ing 
of doplng levels t o  minfmlze the dcnletlon layer width 
and t o  decrease the t&erat.qre sensitivity; 
inprovenent o f  surface passf vat ion. The p r f o m . ~ c e  
of GaAlAs structures should be studied v i t h  respect t o  
leakage currents and surface degradaiion. It i s  
knoun, e.g. that the addit ion o f  smzll A1 con- 
centra:fons t o  the active zone o f  in jecbion lasers 
reduce degradation. 

The authors acknowledge the technical assist:nce 
o f  J.A. Ui 11 ians and 1.0. Brandon. 
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Abstract 

This r e p r t  descriks a class af devices knarn as 
integrated themionic circuits (PIC) capahle d ex- 
tended operatim in irabient taperatures up to  500%. 
lhe emlution of the IlC concept is &!sassed. A aet 
of practical design and performaroe equations is deb 
rmstrated. m n t  experimental results are discussed 
in which both devices and simple circuits have s u e  
oessfully operabed in 500.C envitorments for extended 
p e r i d  d t k .  

Arr>roadr 

Ihe ~ a a c f i  taken for IlC active devices has 
been to we the intrinsically higbteperature phe  
narenn d themionic emission in amjunction with 
*film integrateddrcuit technology to prdloe 
micrminiature, planar, vacuum triodes. lbe r e  
S u l t i n g  technology ms p h a t o l i ~ a p h i c a l l y  dclliIF 
eated thin films d refractory metals and cathode 
material ar heated, insulating substrates. Qpical 
-tries and dimwsions are sham in Fig. 1. Mary FlLY HEATED r0 
such devices are airmltanecxlsry fabricated on a single OEUNEAlED CATHODE I L W C  
subshate, giving high pcking density. 'Ihe i n t e  
grated grid-catho& structures are intrinsically rug- 
sea- Fig. l. Basic ITC gain device. 

Notice in this structure, the am&? is in the 
natural path of the electrars, and the clorsly incer- 
digitated grids and cathodes are used to  mximize grid 
CQItrol. In a sense, this structure is like a star- 
dard triode wi th  the grid moved danr into the plane of 
the cathode. In fa&, it has been sharn through colr 
ptet simulation and experimentally verlf ied that the 
f m b e n t a l  equaticn governing aunrentional triode 
pedolmance uw: be used to describe the pedonnance d 
an ITC device. 

wkre I is the place current, 
P 

Vg is the grid voltage, 
Vp is the plate voltage, 
C is the anplification factor, and 

K is a anstant called the perveance. 
. ~ L .  

.- .. 

hrrthenntxe, f &electrostatic analysis it has been 
sham that for a device w i t h  grid width, cathode 
width, and grid-tcecatho& spscing equal to a and 
arthodet~anode e c i n g  equal to d, 

lhm, p, the electrostatic anplificatian factor, is 
linearly related to  the ratio d/a, with no other ge<r 
metrical factors. lhis result is reaafkahly similar 

Ws work was arpported by the Divisim d 
Geotheaal mergy, US ueparbmt of Energy. 
LBn Reear&, San Yoee, California 

nWniver8ity of Arizona, maon, Arizona 

to that: obtained for a corrrentional triode. 'here- 
fore, ?%pending on the circuit ml icaticn, the &+ 
~ r e c  mlif icatim f actcr can sinply be selected by 
dete..mining d/a. 

A similar analysis for the device sham in Pig. 
2, where a is the width of the cathode, b the dstanctt 
between the grid tnd cathode, c the width d the grid, 
and d th- distance bekeen plate and cathode, results 
in 

which can easily be glnmed on a calculator. 

r 3  date, device processiny has been the u a ~ c  sp- 
*sized portion of the IlC devel-nt program. 

-id- 
Pig. 2. UnaquaZly .paced &via. 



SaFphire was chosen as  the substrate material for 
m: devices because of its high quality surface finish 
and h i g h  electrical resistivity a t  high temperatures 
( 2  8 x 10 I! -an a t  800°C) . 

Figure j is a side view of the fIT metalizatims 
on the circuit or device side of the substrate. 

Notice that all the metals are refractory bcause 
of the need to withstand higbtenperature environ- 
ments. (This is i n  contrast t o  the gold and aluninun 
used i n  corventional silicon integrated circuits. ) 
The bond pad is pl.atinum, and the platinun bond wires 
are z'tached by parallel-gap or ultrasonic wire 
inq. The Lse metal under the cathode i c  tungsten. 

?he cathode caating technique was developed Ln/ 
Gewr t ,  Core, and Mueller a t  Stanford Research 
Institute in 1969, 'Ihis !&chrique uses photoresist 
mixed with oxide -tho& coatjtq, which i s  then delin- 
eated photolithographically. 

1-i practice, the cathode a t i n g  is spun onto the 
wafer and delineated like photoresist. The circuit is 
then ~ c k a g e d  and placed on a vacuum m. 'fhe pack- 
aqa is evacuated acd tne cathode coating activated by 
app~ving p e r  to the heater until the substrate ap- 
proaches 900°C. 

lhliriq normal e r a t i o n ,  the heaters are used to  
heat the zubstrate to  75P-80O0C i n  order to provide 
acceptable electron enissim f ran the cathode 
(>loo Rh/and,. 

Figure 4 is a picture of the f i r s t  Los Alms ITC 
device, manufactured in  1977. 'R'le l ines and spaces 
are 5 m i l s .  'he heater pattern is visible on 'h back 
of the s ami re .  The darker fingers are the cathodes. 

Figure 5 is an array of three devices £ran 1979. 
' he  cathode and grid lines are 1 m i l ,  and spaces be- 
been grids and athode are 0.2 m i l .  

Because the oxide cathode is granular in  nature 
(with crystals on the order of 1 um), the 0.2 spacing 
a p a r s  to  represent an optimal limit to device size. 

?his technology yields a minimui dwice size of 
a ~ r o x i m t e l y  10 by 3.5 mils, which is enough to hold 
over 12,000 devices on a pair of 3/4-in.-dim saphire 
substrates. As w i l l  be desccited later, Factors other 
than minimun device size currently limit t * e  useful 
density of devices cn a substrate. 

f i e  higbtenperature operation tests oonducted t~ 
date f a l l  into two categories by time frame and pa&- 
age material. ?he run Septenber 1979 through February 
1980 used the stainless steel (302) or Kwar envelope 
mterials.  Higbtmperature vacuum fdthroughs using 
stainless t e e l ,  alminum, and high-tmprature brazes 
were designed for these packages by Ceramaseal C o v  
ratim, Ntw Lebnon, Nev York. Initially, these pack- 
ages had problens with the wolution of manganese, 
iron, and chrmiiun, ( in  the fonn of diatanic oxides, 
for exanple M, C? ) , plus the liberation of gases a t  
higher tenperatures. hs 3 result, these tests. & 
scribed in the upper portion of W l e  I, should only 
be considered prelininary. Even so, the 400.C test 
device operated successfully for wer  7000 hours. A 
nunber of simple circuits were als3 r m  in  higbteh.  
perature errrironnents using these i n i t i a l  packages. 

CATHODE COATING APPLIED AND DEFINED PHOTOGRAPHICALLY 

{ GRID COATED GRID INTERCONNECT BOND 1 
CATHODE PA0 

Fig. 3. rn metalization and photolithograghy. 

Fig. 4. First Los A l m s  fi device (1977). 

fig. 5. Ihree triodes (1979). 
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HIM 'lBR3A'lUE LIFE lEST SIm- 1st SERGS 

Start Bulb 
S lm? M 3 b e r i a l v  - 

400°C +26-79 7750 R i d  Rdmr t b a p p m & b l e c W p & t ; ~ 1 ~ 6 0 0 0 ~ :  
BRissicn loss thereafter strFped a t  80B loss. 

500°C Fn-79 1608 Rrplifier ~ a m r  - gain d 1; individml tests Mated 
V-dence) enissicn loss. 

500°C F17-79 2590 RiaQ Ramr tb enianicn degradatial thrmgh 2000 hans; inaeahq 
gas load, BRissicn loss thereafter st@ a t  W. 

500°c 10-10-79 430 Ria&  war s tc~ped  - loss d enissicn. 

50O0C 10-4-79 4464 Triode S.S. NJ .bathticn Waqh 4000 h s :  enissicn lorn 
theredter stqqml a t  504 loss. 

6W°C 9--79 328 Triode Y w a r  Stqped - loss d enissicn. 

Mo0C 11-2-79 1070 Differential ar@ War Rqpd - decxeasirq a n :  electrical leakage 
(6-dMoe) cn substrate. 

500°C U-7-79 6144 Triode in Ti jiq Kwar &&al M i r e  in enissirn witfi increasing 
gas 1- after 2000 hcurs; stqpd at 50e loss. 

500.C 1-31-80 588 5-wz oscillator Kwar Oscillation e; e l ec t r i d  lsakage cn &&rate. 

MO°C 2-1980 816 %z oscillator br QEillaticn stqped; electrical leakage cn m a t e  

TIE atxue tests have all been teuninated. Fo1lwi.q tests are ongoing using hi-ity nidtel hrlls a d  "cleann 
~ddillq ~ l i q J e S .  

Start 10-8-80 Bulb 
lbm. rate Hws l 'Vm ktprial 

MO'C 5-900 3648 R i d  Ni &gradatim in enissicn; no leskage. 

550°C 7-8-80 2208 l'tiode Ni valved off pnp to f adlitate gas b u s t  t e e ;  
~ c p ? d  l q .  Burst test a t  1400 hours urli~w 
argn pesent; evidenoe d q s  cleared a d  &d not 

In a l l  cases, iailure was due to electrical leakage on 
the substrate because the metals were being liberated 
fran the package. 5a 5-MIz Hartlq oscillator oper- 
ated with both the a ~ c i t o r  and inductor a t  500°C. 

With the understandings evolved frcm the s ta iw 
less steel and Kwar tests, a newer package was de- 
signed uaing nickel. ?he f i r s t  test began b y  19, 
1980, and is still run~ing after 6312 hours. Figures 
6 and 7 shcm the device characteristics on M y  19 and 
October 9. The device characteristics are virtually 
unchanged. 

lte second test,  also ongoing, uses a device 
operating a t  550eC; the device is valved off the pmp 
t o  allw periodic gas-burst tests. This device is 
still being evaluated e t e r  2200 hours. The results 
are tentative because no signs of gas have been =en 
in the characteristics after the 1400-hour gas burst. 

Baaed on the tests pedonned to date, ITC tecb 
nology has demonstrated the ability to  aperste Fig. 6. Inprwed package (500eC) first day. 
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Fiq. 7. m i c e  (500°C) after 3600 hours. 

successfully and reliably for thousands of hours a t  
temperatures up to  500°C. %is temperature is r s t  the 
fmldamental l i m i t  for ITC devices, and with the evolu- 
tion of better ge t t e r i~q  techniques (more canplex than 
titanium) and packaging techniques (perhaps g l a s s  
ceramic - reference paper to  be given a t  this confer- 
ence by Dr. Cliff Ballard, .Sandia Laboratories), 
higher temperature operations are expected in the 
future. 

The design of ITC circuits is ill many ways simi- 
lar t o  the design of c.lnventiona1 integrated circuits. 
Therefore, ITC design techniques use the ~ d ~ a n t . . g e ~  
gained fran the simultiineous fabrication of mny & 
vices on the sam substrate. me inherent matching of 
device characteristics and the tracking of these char- 
acteristics mer tenperature and l i f e  are exploited. 
Functiml circuit  elenents such as differentioral 
sLges, current sources, and circuits that use active 
devices as  loads have been fabricated using discrete 
I'TC dwices, and their performance has been verified 
against theory. 'IM silnple active loau, shown in 
Fig. 8, is particularly valuable becau:e its gain 

- 

Fig. 8. Gain stage with active load. 

t - f i i . i )  i s  orly &p'nlmt on dwice geanetry, the ratio 
of line width to  cathodeanode spacing. Therefore, 
the gain of the stage i s  independent of the trans- 
conductances of the two devices and, he;lce, of the 
Operating tenperatures. 

A s  a result of the surcess of designing func- 
tional I T  circuits using discrete devices, the design 
of inteqratzd TTC circuits has become the recent em 
phasis oi the program. Because these efforts are on- 
ooing, this section w i l l  mainly contain general mm 
ments and Sirections for future work. 

The design of integrated circuitry with cmplex 
functions on a single pair of sl2ztrates presents new 
challenges and possibilities as  a r?sult oE devic? 
matclung and, uniortun7tely, sane problems, in p rtic- 
ular, electrostatic interactions between devices. 

r .Itre 9 schcmtically depicts the origin of 
suck. interactions. 

-+ =ELECTRIC FIELD 

"ig. 9. Electro-tic interactions. 

fie key to  increasing the functional complexity 
and maximm gain on a single substrate pair w l l l  be 
the developnent of appropriate techniques for making 
design tradeof f s between device la1 ~ u t  ,psi tion on 
the substrate) and circuit function. 

Although results are still tentative, Figs. 10 
and 11 show the layout of one experimental pair of sub- 
strates for a differential gain stage. In current ex- 
periments, a series of device masks are used t o  photcr 
iithographically generate an array of devices, which 
are then interconnected using a series of masks with 
line segnents. Results suggest that a reasonable 
2-year g ~ a i  for ITC technology is the design of an 
op-rational anplifier wlth a voltage gain of 1000 or 
morc on a pair of 0.75-in.-diam substrates. 

Baaed on the results described above, the future 
for rrC tc?chnology is bright. P r o g r m t i c  efforts 
have led t n  an ITC technology with Qmonstrated high- 
tenperatcre capability (500.C fcr thousands of hours) 
and t o  fabrication tech~iques mmnensurate with mass 
production. Physical models and detailed device un- 
ckrstandinqs have been develcpcd. Preliminary cir- 
cuits using discrete dwices, single not integrated, 
ha.le denmstated the potential of ITCS. ~ l l  that r e  
mains is the final developnent of integrated circuit  



design techniqws and the demonstration of intyjrated 
circuity. 

Ihe results of the lTC deveiopnent program su - 
?st that ms may becane an important technology ?or 
hlgh-tenpecature instrunentation and control systems 
in qeothermal and other higbtrmperature e n v i r o m n t s .  

Fia. 11. Substrate 2 ,  differential  gai 

Fiq. 10. Substrate 1, differential  gain stage. 

n stage. 



GALLIUM PHOSPHIDE HIGH TEMPERATURE DIODES* 

R. J. Chaffin, Division 5133 
L. R. Dawso:r, Division 5154 
Sandia National Laboratories 
Albuquerque, New Mexico 87185 

SUMMARY 

The purpose of t h i s  work i s t o  develop 
high temperature (>300°c) diodes f o r  geothermal and 
other  energy applications. A comparisorr of reverse 
leakage currents  of S i ,  Ws and Gap is made. 
Diodes made from Gap should be usable t o  > 5 0 0 ~ ~ .  An 
LPE process f o r  ~ r ~ c i ~ c i n g  high qua l i ty ,  grown junction 
Gap diodes is  described. This process uses low vapor 
pressure M? a s  a dopant which allows multiple boat 
growth i n  the same LPE run. These LPE wafers have 
been cu t  i n t o  d i e  and metallized t o  make the diodes. 
These diodes produce leilltage currents  below 
~/cm' a t  4 0 0 ~ ~  while exhibiting good high temperature 
rec t i f i ca t ion  c h a r a c L e r i s t i ~ s .  High temperature l i f e  
t e s t  data  i s  presented which shows exceptional s t a b i l -  
i t y  of the V - I  charac te r i s t i cs .  

I THEORY 

The figure shows t h a t  f o r  temperatures i n  the 
20-300'~ range GaAs and S i  have s imilar  leakage 
currents. (The high depletion region generation- 
recombination current  i n  GaAs o f f s e t s  its wider 
bandgap.) Calculatians show t h a t  Gap diode reverse 
leakage should be dominated by generation-retombina- 
t ion current up t o  650'~ and i s  a t  l e a s t  5 orders  of 
magnitude lower than Si. Hence it can be seen t h a t  
Gap should be an excel lent  choice f o r  high temperature 
semiconductor devices. 

This fac t  is demonstrated i n  Figure 2.  This 
f igure shows a V-I charac te r i s t i c  of a Sandia-made 
P+ -N Gap diode a t  4 0 0 ~ ~ .  The leakage of the Gap 
diode is not discernable on the  figure. The measured 
current density a t  -3V and 4 0 0 ~ ~  was 7 x lo-" amp/'cm2 
for  t\e Gap diode. 

The choice of semiconductor mater ial  used t o  
RUWUPT Pb-N UIODEz- 

fabr ica te  diodes is dominated by the reverse leakage 
charac te r i s t i cs  desired. The reverse leakage current 

: 1-- ---- 
3 a t - 3 v o r t ~  

7 
density of an abrupt P+ -N junction is  given by:l w Z  - 2 .  5' /. 3 : I I  

S t  Ueasured -n , ' 
/ / b , -.-./ /--- j :I ,.----- Gap. 

n2  en.^ 4,- 
c -7 

/ 
J R = e  (1) -../.-q 

1' 
- -3  I , Cap Weasured-)l - 
: -, 1 ,.* , _./-- - I . , 

where D = hole diffusion coef f ic ien t  ,' ,* 
P , ,.--' I 
T = hole l i fe t ime  ( i n  the n region) 
P 
T~ = depletion region c a r r i e r  l i fe t ime  

ni = i n t r i n s i c  c a r r i e r  concentration 

e = e lec t ron ic  charge 

ND = don$-r concentration 

W = ,:epletion layer  width 

The f i r s t  term on the r i g h t  s ide  of Eq. (1) 
represents the  diffusion of minority c a r r i e r s  within 
a diffusion length of the junction which produces a 
reverse leakage current.  This component is  independ- 
en t  of bias. The second term on the  r i g h t  of Eq. (1) 
represents generation-recombinathn currer.t i n  the 
depletion region and is dependent on b ias  through the 
depletion width. Generally the recombination current 
term w i l l  dominate a t  lowtemperaturesand the diffusion 
current  term w i l l  dominate a t  higher temperatures. 
The crossover point  is  primarily dependent. on the 
semiconductor band gaF and c a r r i e r  l i fe t ime.  The 
appropriate parameters for Sili:.on (Si  ) , Gallium 
Arsenide (GaAs) and Gallium Phosphide (Gap) were used 
t o  evaluate Eq. (1) a s  a function of temperature f c r  
the th ree  materials.  The r e s u l t s  f o r  reverse leakage 
current  derrsity a t  -3V a re  shown i n  Figure 1. Thc 
arrrws on t h e  curves mark t h e  crossover temperaiure 

Figure 1. C3mparison of reversL leakage current  
densi ty vs. temperature t o r  GaAs, S i  and Gap. 

of t1.e tvo components of leakage current.  For 
temperatures t o  the l e f t  of the arr.jrs generation- Figure 2 .  Cap grown junction diode character is t -  
recombination current  dominates and diffusion current  i c  a t  4 0 0 ~ ~ .  (Horizontal = 5V/div, v e r t i c a l  = 1 mA/ 
dominates a t  temperatur3s t o  the  r ight .  div.) 

11 DIODE FABRICATION 

To r e a l i z e  a device whose operation w i l l  not br. 
*This work dponsored by the U. S. Department of Energy degraded by the  high density of chemical impuri t ies  
( ~ . o . & . )  under Contract DE-ACFC-16-9P00789 and s t r u c t u r a l  defec t s  present i n  typ ica l  bulk Gap 

subs t ra te  mater ial ,  t h e  a l i -ep i tax ia l  s t ruc ture  of 
''A. U. S. bepartment of Energy f a c i l i t y .  Figure 3 i s  used. The K s ide  of the junction is  



l i g h t l y  doped t o  provide a s  high reverse breakdown 
voltage a s  possible. The P s ide  can the.1 be re la t ive ly  
highly doped t o  f a : i l i t a t e  ohmic contactinq of the  top 
surf ace. 

This s t ructure -$as prepared usins  l iqu id  phase 
epitaxy f o r  the grovth of both layers  during a s ing le  
growth cycle. 

/ Or/Au CONTACT 

L- f i  mil 
- p u a a  conrrcr 

Figure 3. Grown Junction GIP Diode. 

The growth apparatus shown i n  Figure 4 i s  a 
s l id ing  boat assembly constructtd from high pur i ty  
graphite. Thc body of the assembly contalns wells 
f o r  tw qowth  solutions, orie f a r  thc qrowth of the 
v layer ,  a second f o r  the  growti1 of the  FJ layer. To 
maintain background (no intent ional  doping) c a r r i e r  
co..centration a s  low as  the  1 x 1016 leve l  desired 
f o r  the N laycr ,  the growth temperature used -d?s 850"~. 
A t  t h i s  relat ivel t .  l o w  growth temperature, S i  contamin- 
at ion of the  g row~s  solut ions from the quartz  walls of 
t h e  system 1s minimal. To ensure Lhat no c r x s  
-mntamination of the N solution occurs from the 
heavily doped P solut iun,  re la t ive ly  non-volatile Mg 
is used a s  the P dopant i n  place of the  highly v o l a t i l e  
Zn normally used t o  dope Gap P type. Since Mg 
possosses a s tab le  oxide, provision is made f o r  adding 
t h i s  dcpant a f t e r  a pre- bake cycle removes zesidual 
oxygen from the growth solut ions,  a s  i n  Figure 4A. 
The syztem is then permitted t o  equ i l ib ra te  a t  the 
growth temperature ( 8 5 0 ~ ~ )  fo r  2 hours, a s  i n  4 8 ,  
a f t e r  which the s l i d e r  is translated t o  bring the 
Gap substrate  ink0 contact with the f i r s t  grohlh 
solutiorr, a s  i n  4C. Cooling then causes the solution 
t~ become super-saturated and e p i t a x i a l  growth occurs 
on the substrate. When the  N- layer  is sufficient1,r 
thick, the s l i d e r  is  again t ranslated t o  brinr, the 
substrate  i n  contact with the second melt Zor growth 
of the P layer ,  a f t e r  which fr?..'t:rer t rans la t ion  of the 
s l i d e r  separates the substrate  from the  l iquid.  

The diode metallization system used was: 

P+ contact - Be/Au (~OOOA % 1% Be by weight) 
(7 m i l  dot) followed by 3000i of pure Au 
+ (vacum evaporated) 

N contact  - The contact was sput tered ( f u l l  
surface) i n  the following sequence: 

Au/Ge (8p/12) %lo00 A, AU % XOA, 
N i  % 600 A, AU % 4000 A, 

Contacts annealed a t  4.50'~ (10 minutes! in  H 
2 

The f i r s t  l o t  of diodes tested were mounted i n  ceramic 
f l a t  pack headers (N+ s ide  down) with a high tempera- 
tu re ,  polymide s i l v e r  loaded adhesive. Gold wires 
(1.5 m i l )  were used t o  make contact t o  the  top of. the 
die. kiowaver, t h i s  conflguratibn was found to be 
unsatisfactory due t o  deter iorat ion of the  a3hesive a t  
high temperatures. The scheme f i n a l l y  chosen was a 

s tress-free configuration using 1.5 m i l  diamet.er gold 
wires bonded t o  each s ide  of the chip. .his was done 
t o  eliminate anv d i e  a t t ach  s t resses  o r  mater ial  
interact ions due t o  the header attachment scheme. 
These devices a r e  shown i n  Flgure 5. I t  should be 
emp)*asized thaL the mountinq confiquration ahown in 
Figure! 5 is not proposr'  fo r  fielded Jevices, but 
rather  it is a scheme used t o  remove any contr ibut ion 
of header s t r e s s  o r  bonding agent react ions fo r  
t c s t i r ~ q  devica charac te r i s t i cs .  

Gap SUBSTRATE 
( 4 1 BAKE OUT 

Figure 4. Liquid Phase Epit;.xial Growth System. 

Figure 5. Stress-Free Diode Mounr. 

I11 DIODE CHARACTERISTICS 

A typ ica l  I -V  c h a r a c t e r i s t i c  of a Gap diode was 
shown i n  Figure 2. The breakdown voltage was measured 
t o  be 90V a t  4 0 0 ~ ~ ;  t h e  breakdown c h a r a c t e r i s t i c  re-  
mains f a i r l y  sharp even a t  t h i s  elevated temperature. 
The f a c t  t h a t  the leakage current  is l a r g e r  than t h e  
value predicted (see Figure 1) means tha t  there  is  some 
leakage aL the  sawed edges of the  die .  

The zero bias 'capaci tance of the 15 m i l  square 
chips was measured t o  be 22 pP. This corresponds t o  
a 0.56 u zerc b i a s  deplet ion width. 



I V  ENVIRONMENTAL TESTS 

The Gap diodes  were subjected t o  a l i f e  t e s t  
under b ias .  Three b i a s  condi t ions  were used; forward 
b i a s  (5  IDA), reverse  b i a s  (-10 V! and open c i r c u i t  
( ze ro  b i a s ) .  The diodes  were placed i n  ovens a t  
3 ~ 0 ~ ~ .  The devices were not  sealed and t h e  oven 
contained room a i r .  The p4:-ameters o f  t h e  d iodes  
were checked as a function of  ti-.. i n  t h e  oven. 

The r e s u l t s  , ~ f  t h i s  t e s t  a r e  summarized i n  
Figure 6. This f igu re  shows t h a t  no d e t e c t a b l e  
degradation i v  s e r i e s  r e s l s t a z ~ c e  occurred i n  any of  
the  t h r e e  b i a s  s t a t e s .  The room temperature reverse  
leakage d i d  st,ov a s l i g h t  increase ,  increas ing from 
nominally lo-'? amps t o  lo-' amps a r t e r  991 hours a t  
300°L. There was not  a s t rong  w r r e l a t i o n  between 
b i a s  s t a t e  an6 ieakage increase.  The reverse  leak- 
age a t  3 0 0 ~ ~  ahowed a s l i g h t  decrease  a f t e r  991 
hours. Th i s  s t a b i l i t y  i n  diode parameters is i n t e r -  
pre ted  a s  aeaning t h a t  t h e  diode me ta l l i za t ions  and 
junction dopants a r e  s t a b l e  a t  3000C with b i a s  f o r  at- 
l e a s t  1000 hours. 

RB*REVERS -10 V 

FB= FORWARD 50 mA 
OB= OPEN QRCST 

I P CONTACT &lAu I 
N CONTACT AulGe 

- 
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0 
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g 3 -  
I.. 
> 

2 - 08. FB. R8 

0 I- 
0 2 0 0  4 0 0  6 0 0  800 KHX) 1200 

TIME - HOL!S (01 300%) 

Figure 6 .  ~ 0 0 ~ ~  L i fe  Test  Data on Stre:; Free  Gap 
Diodes. 

Th i s  paper has  presented b a t a  on gall ium- 
phosphide, grown junction diodes  f o r  high temperature 
a :p l i ca t ions .  Information on f a b r i c a t i o n  methods 
were presented.  Evaluation d a t a  shows: good low 
learage r e c t i f i c a t r c n  c h a r a c t e r i s t i c s  a t  4 0 0 ~ ~  and 
s t a b l e  junct ion anE meta l l i za t ion  parameters a t  3 0 0 ~ ~  
f o r  a t  l e a s t  i O O O  hours. The only  problem encountered 
was t h e  "high temperature" polyimide adhesive used t o  
bond t h e  diode &ips  t o  the  headers. A new e u t e t i c  
ch ip  bonding procedure 1s p r e ~ e r ~ t l y  being developed 
t o  so lve  t h i s  problem. 
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TABLE I 

Preliminary results are reported on the develop- 
w n t  of a high-temperature (2350~~) gallium phosphide 
bipolar junction transistor (BJT) for geWrherak31 and 
other energy applic.~tions. This four-layer p+n-pp+ 
structure was fcrmed by liquid phase epitaxy using a 
supercooling technique to insure mifor=. nucleation 
of the thin layers. hgnesium was used as the p-type 
dopant to avoid exzcssive out-diffusion into the 
lightly doped base. By appropriate chaice of elec- 
trodes. the device may a l w  be driven as an n-channel 
junction field-effect transistor. 

Tile galiiun phosphide BJT is observed to have a 
comaon-emitter current gain peaking in the range of 
6-10 (for temperatures from 2& to 4 0 0 ~ ~ )  and a room- 
tesaperature . punchthrough-limited, collector-emitter 
breakdown voltage of approximately -6V. Other para- 
meters of interest include an f = 400 r(Hr (at 2 0 ~ ~ 1  T 
m d  a collect3r base leakage current = -200 #A (at 
350~~). 

The initial design suffers from a series resist- 
ance problem which limits +h transistor's usefulness 
at high temperatures. This is not a fundamental 
material limit, and second generction structures are 
presently in process which vill alleviate this sr~3blem 
as el l  as improve the device's output resistance and 
breakdown voltage. 

Rec *.t successfut operation1 of qailium phosphide 
high-temperature diodes at temperatures and times 
exceeding 3 0 0 ~ ~  and 1000 hours respectively, has 
prompted the development of a gallium phosphide 
bipolar junction transistor (BJT) for seothemal and 
other energy applications. Using ccntacting and epi- 
taxial growth technolo~fes similar to the Jindes of 
Ref. 1, a prototype, four-layer ~+n-pp+ stracture 
has been successfully fabricated and evaluated at 
temperatures up to 440°c. The processing sequence 
and device characteristics of the GaP EJT, as well 
as suggested improvements and predicted characteristics 
will be discussed. 

FABRICAT ION 

The structure of the prototype Gap trangistor 
is shown in Fig. 1. This all-epitaxial device 
incorporates a double-base stripe geometry, a mesa- 
isolated emitter region, and a s-risolated 
collector region. Important structural information 
is sumarized in Table ; below. By ap~ropriate 
connection of electrodes, the device m y  also be 
driven as an n-channel junction field-effect 
transistor (JFET) . 

*This work sponsored by the U. S. Department of Energy 
(D.O.E.) under Contract DE-AC04-76-DP00789. 

+A U. S. Department of Energy facility. 

gnitter acceptor concentration 
gnitter thickness 
Fh~itter-Base j~rrction a r a  
Base donor concentratio~r 
Basc thickness 
Epibxial collector acceptor 
concerrtzation 

Epitaxial collectnr thickness 
Collector-Base junction area 
Substrate acceptqr concmtration 

Figure 1. Structure of a prototype Gap higb-tcmpera- 
turc bipolar junction transistor (WT) with a mesa- 
etched emitter, chip size 500x750 urn. The device 
may also be driven as an n-channel junction field- 
effect transistor (JFET) where the base region 
serves as the channel and the emitter and collectoz 
regions function as upper and lower gates, respective- 
lv. 

The device of Fig. 1 is fabricated f r m  a 
3-layer p+n-p structure prepared by liquid phase 
epitwj ILPE, on a p+ substrate. The graphite 
sliding .hat assembly used to grow these layers 
is shown ir~ Fig. 2. Cba-volatile & is used as 
the p-type dapant to avoid vapr-phase contamina- 
tion of the lightly doped n-type growth solution. 
A pre-bake under flowing purified H2 in position 
2a is used to remove residual oxygen from the 
growth solutions before addition of the @fg dopant. 
After addition of Mg. the system is raised to the 
growth temperature ( 8 5 0 ~ ~ )  and \eld for -- 2 hrs. to 
allow saturation of the solution with phosphorcs 
(Fig. 2b). Growth is initiated by quickly de- 
creasing the system temperature by ~sOC, causing 
each solution to become correspondingly super- 
cooled. The slider is then translated to bring 
the GaP substrate in contact with the first super- 
cooled solution, as in Fig. 2c. Due to the super- 
cooling. nucleation firmediately occurs on the 
substrate. leading to epitaxial growth. Subseqrrent 
translation of the slider brings the substrate in 
contact with the other growth solutions for the 
completion of the multilayer structure. 



By ad jus t ing  t h e  amount of  supcreoolinq and 
the dura t ion  o f  con tac t  b e t e e n  s u b s t r a t e  and 
gxowth s o l u t i o n ,  l a y e r  th icknesses  a s  small  a s  
0.2 w can be con t ro l l ed .  I n t e r f a c e  p l a n a r i t y ,  
as de l inea ted  bf s t a i n i n g  i n  1HF:lH202, is 
exce l l en t ,  owircq t o  t h e  supercool ina  technique, 
which avo ids  nonunifom nuc lea t ion  and i s l and  
growth. 

Figilre 2. Graphit-e s l i d i n g  boat  a s s e r i l y  use5 f o r  
l i q u i d  phase e p i t a x i a l  growth of the t h r e e  a c t i v e  
l a y e r s  o f  t h e  Cap BJT. 

Once t h e  r e s i s t i v i t y  an2 th ickness  o f  a l l  
three a c t i v e  l a y e r s  a r e  de f ined  by LPE, t h e  
processing s e w e n c e  of  Fig-  3 is implemented t o  
uncover t h e  tase and con tac t  a l l  t h r e e  regions.  
The f i r s t  s t e p  (Fig. 3a) involves  d e f i n i t i o n  
of a thermally evaporated Au-BefAu e m i t t e r  
m:alization by a s i n g l e - s t e p  o p t i c a l  l i f t - o f f  
p r ~ c e s s . ~  Next, 300 nm o f  plasma-enhanced 
CVD Si-N is deposi ted  and pa t t e rned  t o  s e r v e  
a s  a maskingmater ia l  f o r  t h e  Cap e tchant .  The 
m i t t e r  mesa is then formed (Fig. 3b) by chemical- 
l y  removing ~nwan ted  p+ m a t c r i a l  i n  a K Fe(CN) 
(0.5 molar) : KOH (1.0 molar) ~ l u t i o n  ag 17Oc. 
Without a g i t a t i o n  t h i s  mixture e t ches  p-type CaP 
a t  80 + 8 nm/min. The Au-Ce/Ni/Au base metal- 
i z a t i o n  is then def ined (Fig. 3c) by depos i t ion  
through a shadow mask. Af t e r  t h e m 1  evaporat ion 
of che Au-Be/Au c o l l e c t o r  m e t a l i t a t i o n  on t h e  
back of  t h e  wafer,  t h e  c o n t a c t s  a r e  annealed 
at 5 0 0 ~ ~  f o r  15 min i n  H . Individual  t r a n s i s t o r s  
a r e  %en formed ( f i g .  3df by sawing the wafer 
i n t o  3 i c e  wi th  a high-speed dimwnd-impregnated 
S,. The t r a n s i s t o r s  a r e  then mounted i n  ceramic 
headers us ing  a s i l v e r  loaded polyimide adhesive  
and c o n t a c t  is made us ing  thermocompression- 
bonded, 1.0 m i l  Au wire. Th i s  packaging technique 
is unsatisfactory f o r  l i f e  t e s t i n g ,  howevere as 
ae p o l y ~ , i d e  adhe r ive  is knwm to f a i l 3  a f t e r  
atended use  a t  o r  ;ibove 3 0 0 ~ ~ .  

Figure 3. Processing sequence f o r  t h e  prototype 
Gap m 

DEVICE c.VALUAT13N AND D1S.USSICN 

The Gap t r a r ~ s i s t o r  descr ibed above was evaluated 
in both t he  b ipo la r  and .FET modes. Coaaaon-emitter 
output  c h a r a c t e r i s t i c s  of  the device  a t  20°C am3 3 5 0 ~ ~  
a r e  shovn i n  Fiq. 4. The t r ~ n s i s t o r  is observed t o  
have a c-on-emitter c u r r e n t  q a i n  ( a t  ZOOC o r  3 5 0 ~ ~ )  
p a k i n q  i n  t h e  range of 6-10 and a rolm temperature,  
punchthrough-limited, c o l l e c t o r - e a i t t e r  breakdown 
vo l t age  of approximately -6V. Other parameters o f  
i n t e r e s t  f o r  t h i s  device  include an fT = 400 ciz 
(20GC) and a col lec tar-baco leakage c u r r e n t  = - 200 "A 

0 (T = 350 C, VCB = -4V) .  A simple ampl i f i e r  cons t ruc t -  
ed f r a n  t h i s  t r a n s i s t o r  produced powr q a i n s  o f :  
16dB a t  20°c and 3 5 0 ~ ~ :  12.5 dB a t  400°c: and 2.2dB 
a t  4 4 0 ~ ~ .  apera ted a s  a JFET t h e  t r u r s i s t o r  had a 
double-gate pinchoff vol tage  = 1.W ( 2 0 ~ ~ 1  and a 
ccmmon-source transconductance = 120 sS (20°). N o  
e x ~ e n d e d  l i f e  tests have been performed on t h e s e  
s t  m c t u r e s  t o  da te .  

The low value  of  t h e  camon-source transconduct- 
ance and the degradat ion of  t h e  ccmwn-emitter ou tpu t  
c h a r a c t e r i s t i c s  a t  hiqh-temperature a r e  both due t o  
excess ive  serifs r e s i s t a n c e  i n  t h e  l i g h t l y  doped 
n-type region of t h e  i n i t i a l  des ion.  I n  t h e  JPET 
mode, tnis r e s i s t a n c e  appears  i n  series with t h e  
source and d ra in .  Th i s  s e r i o u s l y  degrades  t h e  JPET 
p r o p e r t i e s  as any vo l t age  drop ac ross  the w r c e  
r e s i s t a n c e  appears  a s  negat ive  feedback on t h e  g a t e .  



Tn tl.' hip!clr wxfe t h e  rr .sist . inc~ of t h e  n-trpr 
region apvra r s  a s  a p a r a s i t i c  has< rthsist ?r.c... The 
v o l t a ~ e  drop dcVc1opd arr.-sa t h i s  r c s i s t a n c e  bv t11c. 

base cu r ren t  cause.; a ~ ! ~ r r t - s s e  in  tilt. t i f r c t  i r c  ~ - i t r r . r  
a r e a  o i  t h e  device.  This r i f t r t  i s  .~crt.nru.ittri by tirc 
t r a n s i s t o r z '  llrv valun- of ctlrrent g:.in. The  c f  i e s t  io.- 
t q i t t e r  a r e a  in cur- mdrrl.ttv.; rht. t f fcr r t i r .e  cc!l..zt,*r 
. a d  z n i c t t r  rt.sistant.t.s. ,I.; h i e  .and c l e c t r c n  nrl : I -  
i t  i e s  dec rv .~se  a t  high t r apc ra tu r r .  .?I l s c r  i ca  
rcs ls t .mces  i~crt .ast .  and the  ct~mlm-cslit r1.r .*utpur 
c h a r a c t e r i s t i c s  ,?pear t o  col lapse  i r o a  the  s a t r ~ r l t f r - n  
side.  

Lookinq a t  this e f f e c t  i n a d i f f c r e n t  way. Frq. 5 
shows camon-ea i t t e r  . a. c. c u r r e n t  q a i n  a s  a funct ion 
of c o l l e c t o r  c u r r e n t  and temperature. The cu r ren t  
oa in  belw tl;~ Kirk e f f ec t '  l i m  .t sta:*s r e l a t i v e l y  
~ w n s t a n t  v i t h  temperature whereas t h e  peak i n  t h e  
cu r ren t  q a i n  decreases .  Thc important po in t  t o  note  
f r m  Fig. 5 is c h a t  the  poor hiqh-temperature 
p r o p e r t i e s  o f  t he  device  a r e  l v a i t e d  by t h e  series 
r e s i s t a n c e  of  our  r a t h e r  c ~ d e  i n i t i a l  q e a e t r y  and 
not  be at-y fundamental m a t e r i a l s  l i m i t .  

F igure  5. C-n-emitter c u r r e n t  q a i n  vs.  c o l l e c t o r  
c u r r e n t  and t eupe ra tu re  f o r  t h e  Gap BJT. 

An improved s t r u c t u r e  p r e w a z l y  i n  p r e s s  uhicb 
d d r e s s e s  smm of  these problems is shown i n  Fiq. 6. 
Th i s  dev ice  u t i l i z e s  selective L h i n ~ l - . r  o r  the base 
reqion and a ne ta l lo rganxc  CVD d e p c s ~ t e d  r i t t e r  t o  
i e t e r n i n e  a c t i v e  Cevice a rcas .  A t h l c k c r  i n a c t i v e  
base reqion wi th  an  optimized dopino cancen t ra i i aa  
should decrease  base r e s i s t a n c e ,  increase  t h e  
c ~ l l e c t o r - r i t t c r  breakt5oun vol taqe  and i nc rease  the 
o u t ~ t  r e s i s t ance .  An etched r a t h e r  than sawn 
terminat ion o f  the co l l ec to r -base  junction ~ h o u l d  
reciace co l l ec to r -base  leakaqe a t  hioh-temperatures. 
~ l t i l i z i n q  improved s t r u c t u r e s  such a r  t h e  one shown 
i n  Fiq. 6. a Gap dev ics  cpe ra t inq  a t  4 6 0 " ~  f o r  periods 
i n  exce-.s of 1 0 0  hours is e x m t e d  i n  t h c  xear 
fu ture .  

F i cu re  6. An impm.cd Gap 5JT incorporat i% a 
s e l e c t i v e l y  thinned base reqion,  an  e n i t t e r  reqicm 
deposi ted  by me ta l lo rqan ic  CVD, and an e tch-  
t e rn ina tcd  co l i cc to r -base  junction. 

Pre l iminary  r e s u l t s  have been repor ted  on t h c  
d c v e l o p e n t  of  a Cap b i p o l a r  junction t r a n s i s t o r  
t o r  q e o t h e m a l  and o t h e r  hiql-temperature app l i ca t ions .  
A f a b r i c a t i o n  sequence f o r  t h e  t r a n s i s t o r  a s  wel l  
as dev ice  c h a r a c t e r i s t i c s  have been descr ibed.  A 
series resistance problem v i t h  t h e  i n i t i a l  des iqn  
has  been i d e n t i f i e d  and suqqest ions  hav l  bean made f o r  
improved s t r u c t u r e s .  

The au thor s  wish t o  thank T. A. P l u t  
J. 9. Snel l inq.  and R. Chavez f o r  t h e i r  ~x!.-rr  assist- 
ance i n  the  prepara t ion and measurement o f  &=- 
samples. 
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REL?.~ILInt STUDY OF REFRACTORY GATE CULIUn ARSRIIW W.FETS* 
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Lubbock. T e u s  79409 

Refractory gate nsSFETs have been Sabricated as 
an a l te rna t ive  t o  a l r i n m  ga te  devices, b%ich have 
hetn fouad t o  be unreliable as RF power amm1:fiers. 
The r e l i a b i l i t y  of the new s t r w t u r e s  has not yet  
been d e t e r a t a d ,  a d  t h i s  vork was undertaken t o  pm- 
vide s t a t a s t i c s  ?f f a i l u r e  and infermarion rbout 
mechanisms of f a i l u r r  i n  r e r ~ a c t o r y  ga te  HF.SFETs. 
Test tcans?.strcs were s t ressed  un6er conditions of 
high t a p e r a t m e  a d  forward gate  current  t o  enhance 
fai luro;  r e s u l t s  of ~ ~ r k  b t  150 OC and 275 OC are 
r e p u r x d  here. 

In: r d u c  t ion -- 
I.=:-1 recent1 y, the semi conduct^- industry metal 

stan&*d f o r  HESFET fabricat ion w a s  a l u i n r m ,  par- 
t i c u l a r l y  f o r  the gate. The r e l i a b i l i t y  o f  a l u i n l n  

m x a l l i t e d  XSFET- b:s beer excewively studied, 1-10 

and cer ta in  fa i lu re  mechanisms have been ident if ied.  
al l  involving   he a l l a i n u r  gat.: metallization. The 
-st ~mportanr of these a r e  aluminum e lec t ror igca t ion  
and goid-aluinum p h e  forrat ion.  The f a i l u r e  pro& 
l e m  Jn a l u i n u  metallized power HESFETs h a s  become 
so acu te  tha t  the  a1umir.m g i t e  is being abandoned. 
and a refractory gate  is being introduced i n  its 
place. This gate  cons i s t s  of a refractory metal 
Schottky contact and a conducting gold metal l izat ion,  
separatrd by some intermediate metal t o  provide ae ta l -  
lu rg ica l  stabi1i:y; the most c-n refractory ga te  
is titanium-platinum-gold. The r e l i a b i l f t y  of refrac- 
tory ga te  HESFETs has been assumed t o  be b e t t e r  than 
that of alumin- gate  HESk'rrrs. However, e lectro-  

m y  of s t r i p l i n e s  patterned i n  t h ~  nickel. The coo- 
nectors a c c a o d a t e  two f i x t u r e s  side-ty-side; a 
s t a i n l e s s  stccl t ray  holds fourteen caanectors, EO 

tha t  up t o  tucaty-eigbt devices c m  be s t r e m e d  slrul- 
taneousiy. The temperature test chamber is s 315 OC 

i n e r t  gas oven configured f o r  oi t rogea flew. A th ree  
inch diameter f e e d t h r w b  port,  capped with a PlFH 
feedthrough, c m p l e t e s  the test chamber arra~rpement. 
A thermxuuple me8surcs the tempersture a t  the st- 
metrjc center  of the t r a y  at sample height. 

The devices were s t ressed e l e c  r i c a i l y  a t  tuo 
channel t-ratures, 150 "C and 275 OC. Electrical 
s t r e s s  consisted of biasing each device near 1 d s s  and . 
driving the  g a t e  in to  forward ccndition, i n  sow cases, 
q u i t e  heavily. The devices could not be biased a t  t h e  
same values of Idss. and s iut l taneously a t  t h e  s a r e  

drain-sourre -.-ltages, because of their d ' i k r e n t  
charac te r i s t i cs ;  i n  ordel- t o  r o i o t a i n  r , u a l  DC channel 
p . e r  diss ipat ion,  and equal channel temperatures f o r  
a l l  devices during stress, the device with the  lowest 

Idss  curve [i = 0) uas biased a t  the incersect ian 
Rs 

of the  load l i n e  and tha: ldSS curve and the  o ther  

devices (a t  the  s-e chamber t e q e r a t u r e )  vere biased 
a t  a d ra in  current qua? t o  t h a t  value of I dss. For 

equal load lltaes, a l l  devices then were biased a t  the  
saw quiescent value of V Although tie other  de- ds' 
vices  vere biased belor. t h e i r  Tdss values, forvard 

gate  current flowed f o r  snf f ic ien t  posi t ive g a t e  
source voltage suing. The gate-source vol tage swings 
were s e t  t o  provide equr.1 drain-source voltage s t ings.  
i n  order  t o  obtain the sale AC channel power dis- 

migration has been observed . I gold 11-12 and in tita- si~atiOn- 
The output resistance of the HESFET becomes nega- 

niu-gold '>14 fi!ms, and f a i l u r e  lodes i n  refractory t i v e  at c e r t a i n  values of the d ra in  current  and drain- 
g a t e  devices s imilar  t o  those i n  aluminum Rate devices 
a r e  possible. This w r k  vas undertaken t~ sbtdin 
s t a t i s t i c s  on f a i l u r e  f o r  and t o  deternine f a i l u r e  
m d e s  of refractory gate  HESFETs. 

~ x p e r i r e d t a l  Procedure 

The kESFET used i n  t h i s  w r k  is the  Texas Instru- 
ments !IS801 g a l l i u  arsenide t rans i s to r  in the s t r ip  
l i n e  package. Eech packaged chip cons i s t s  of two 
individual zel ls .  each c e l l  del iver ing 250 .U of micro- 
wave power at 8 CRz; only one of the c e l l s  is used in 
the  K801. Normally, the chip is sealed i n  epoxy for  
protection; houever, the epoxy f a i l s  near 200 OC, so  
tha t  the devices tested here -re uaencapsulated t o  
permit measurements a t  higher temperatures. Source 
and dra in  ohmic contrcts  a r e  formed kv evaporating a 
gold-germnnirr-nickel layer  over the e n t i r e  contact 
region and alloying. evaporating titanium-gold o r  
chrome-gold, then gold-elating the  source and drain 
pad regions. The sourcedra in  separation is 6 w; 
four c e n t r a l  ga te  ~ t r l p e s ,  7 vm by ,006 inch, a r e  
corn.-tect i n  p a r a l l e l  a t  the gate  pad. The gate  
s t r i p e s  and p?d-are formed by electron ha"_. evaporating 
su=cessive layers  of titanium (the Schottky contact).  

source voltage. I f  the  load li-te passes t h ~ ~ u g h  a 
region of device aegative resis tance,  there  is a con- 
s tderable  poss ib i l i ty  of a s c i l l a t i o n ,  s o  t h a t  the  
drain resis tance rust be such as t o  l i m i t  operation t o  
a s a f e  region, tha t  is, t o  a region of pos i t ive  cutput  
resistance. The s a f e  value of the  d ra in  res i s tance  is 
obtained by drawing a load l i n e  which begins a t  t h e  
drain b ias  voltage on the Vds a x i s  and which crosses  

-- 

the Ids= curve a t  its corner, j u s t  below t h e  point a t  

which the gutput resis tance teco- n q a t i v e .  This 
value is. of cnr.- =e. d i f  fer2nt f o r  d i f f e r e n t  devices, 
and even for  a riglt device a t  various temperatures. 
Ids. decreases r . I  increasing temperature; f o r  a 

given t rans i s to r ,  a drain r e s i s t o r  w i l l  have its high- 
e s t  s a f e  value a t  the highest test temperature. I f  
tha t  highest value is choserl a s  the drain load, t h e  
load l i n e  w i l l  be sa fe  a t  a l l  lower temperatures. 
Furthennore, i f  tha t  s a f e  value is calculated on t h ~  
bas i s  of the lowest I curve c u t  of the  e n t i r e  set dss  
of t rans i s to rs ,  t h a t  value w i l l  assure a s a f e  load 
l i n e  fo r  every device i n  the s e t ,  a t  en? t a p e r a t u r e  
below the maximum t e s t  temperature. (This a s s w s  
that  a l l  devices exhibi t  r o q h i y  the  same percentage 

p l a t  in- and gold. decrease i n  Idss with increasing temperz.cure; the as- 
The t e s t  f ix ture  is made from a nickel-clad high sumption was validated by comparing the behavior of 

tlrperacure laminate; is a high several  devices.) I f  the same load resis tance is used 
'mrattlre PC board connector and the leads for test device, each m S m  can be biased to 

ai. vork vas supported by the  Naval Air System the same quiescent point,  and driven with fden t ica l  

Coraad under Contract N00014-78-C-0738. AC swings. The average drain poue. l i s s i p a t e d  is t h e  



same f o r  each device, so tha t  power (of tharmel tem- 
perature) is the  M&?: h v e r ,  i f  the ga te  of each 
d w i c e  is driven i n t o  forward conduction, the-forward 
current d r a m  by each ga te  is differ lvt  for  mrvi 
drain current  swim (for d i f fe ren t  Idss .~alues) .  

~ h u  s t ~ t i s t i c a l l y  s ign i f ican t  stress is the% the  t o r -  
m r d  ggae curreot.  

Tlte ga te  voltage a s  varied o r o d  its quiescent 
point,  so tha t  forward current  floued o ~ l y  during par t  
of tSe AL' cycle. Very low reverse g a t e  currents  
Elwed when t h e  J r a i n  current uas  h l o u  Idss, t h a t  is, 

f o r  n e p r i v e  gate-source swings. so t h a t  a roughly 
half-uave rec t i f i ed  forward ga te  current  was obtained; 
t r u e  sinusofdal behavior could not be obtained b e  
cause of the  .rum-linearity of the diode curve. The 
high temperatwe s t r e s s  WS interrupted a t  l o g a r i t b i c  
t h e  in te rva l s  a rd  the  devices vere cooled doun t o  
rot3 temperature t a r  f a i l u r e  characterization. T!te 
s t r c s i  periods wert. nomita;ly 20, 50, 100, 200, 500, 
and 1000 hours. 

Five measurements were or ig ina l ly  planned f o r  
high temperature c b r n c t e r i z a t i m  and f a i l u r e  analysis: 
the  charac te r i s t i c  curves. f roo tAich the  .transcon- 
dactance, g , could be obtained; the  pinch-off voi- m 
tage, Vpo; an Idsa Vds curve; the  gate-scarcr re- 

verse leakage current (drain-source short) .  Irgss; 

the  fornarc! gat..-source current-voltage characteris- 
t i c s  (drain-sw~rce short).  Ifgss; and the zero bias  

gate-source capacitance (drain-source shor t ) ,  C gss ' 
The capacitance measurement could not be perfotmrd 
because of the very high paras i t i cs  associated with 
t h e  t e s t  rssembly. The gare leakage current measure- 
ments were not made a t  e levat td temperatures, inasmuch 
as the very high reverse gare-source currents  made 
chess measurereqts impractical. The time required t o  
mak2 3 copplete s e r i e s  of measurements a t  high tern- 
peratures f o r  the t r ~ t a l  nwber of devices involved 
was long enoug;i to be coaparable t o  the  s t r e s s  pericds 
between room temperature measurewnt; elimination of  
the  -everse leakage measurement. which is primarily of  
value a s  a room temperature f a i l u r e  c r i t e r ion ,  reduced 
t h e  t 4 a :  high temperature measurement time s ign i f f -  
canrly. I n  order t o  reduce t h e  time eben more. high 
resolut ion pinch-off voltage measurements were not 
made ac elevated temperatures; that  is. V could be 

Po 
estimated from the high temperature charac te r i s t i c  
curves, but no special  measurement was mde. The 
pinch-off voltage, l i k e  the gat.-source reverse 
leakage, is a useful room temperature f a i l u r e  c r i -  
ter ion.  However, the charac te r i s t i c  curves, IdSs, 

and Ifgss. can be related theore t ica l ly  t o  tem- 

perature; these measurements vere perfolmed f o r  every 
devic? a t  high temperature. The forward gate-source 
current  measurements a r e  par t i cu la r ly  important, 
inasmuch a s  they provide the  a - fac tors  and sa tura t ion  
currents  (and bar r ie r  heights) f o r  the  ga te  Schottky 
diodes. Characterization of ttre devices was performed 
i n i t i a l l y  a t  room temperature and each t i n e  the de- 
vices  were cooled back t o  room temperature ( n o d n a l l y  
a t  20, 50, 100, 200, 500, and 1000 hours) a f t t r  a high 
temperature s t ress .  Hlgh t - a p e r a t u r e  mearuremcnts 
were made a f t e r  the oven temperature had s t a b i l i z e d  a t  
its high temperature value, j u s t  before the  oven power 
was turned off  t o  cool the devices, and a t  d a i l y  in- 
t e r v a l s  i n  between. 

Results and Discussion -- 
va. Vds curves were obtained and provided l d s s  - 

values of Idss a t  VdT = 2.5 V and a t  Vds = 0.5 V;  t h e  

l a t t e r  f s  e s r e n t i a i l y  the slope of t h e  Ibs curve be- 

i ~ r e  current  saturat ion,  and is re la ted  t o  the channel 
- resis tauce.  The pinch-off voltage was aefined M t h e  
gate-source v u l t l g e  required t o  reduce t h e  d r a i n  cur- 
rent ,  a t  Vds = 2.5 V, t o  202 of the value of Idss at 

t h a t  voltage. Inasmuch a s  Ids= changed duriag the  

stress, two pinch-off measurenents were made; one ros 
based on the  . ~ r i g i n a l  value of Idst before stress, 

Idsso, and t h e  other ,  on the  value of Idss a t  the  time 

of t h e  pincla-off voltage measurement. The character is-  
t i c  curves re re  a l s o  obtained and the values of t h e  
transconductance, g . were calculated a t  the point of 

I 

in te r sec t ion  of t h e  load l i n e  and Vds = 2.5 V. The 

reverse leakage current ,  IrlSS* was measured a t  a nega- - 
tivc gate-source voltage of 4 V, with a drain-source 
s h o ~  t .  Final ly,  the  f a w a r d  gate-source diode charac- 
t e r i s t i c s ,  with a drain-source short  vere measured. 
The high temperature measurer-ots were made under t h e  
same conditions, except t h a t  the pinch-off vol tage and 
the reverse g a t e  leakage current were not measured. 
The zero voltage sa tura t ion  current ,  IS, and tLe 

idea l i ty  factor .  n, were c a l c ~ l a t e d  f rop  r5e measured 
forward gate-source diode charac te r i s t i cs .  The bar- 
r i e r  height a t  the  gate-source in te r face  has estimated 
from the values of I a t  room temperature and a t  t h e  

s t r e s s  temperature. Failed devices were examined 
under a microscope, and t h e i r  appearance was compared 
with the appearance of s imi la r ly  s t r e s s  unfai led de-. 
vices. 

Ten devices out of twenty-one f a i l e d  a r  a r e a u l t  
of s t r e s s  a t  150 OC; seven f a i l e d  ca tas t rophica l ly  be- 
cause of damage t o  the ga te  lead and pad (f ive)  o r  t o  
the drain pad (two), and three exhibi ted e l e c t r i c a l l y  
degraded behavior. Two of the l a ~ t e r  became leaky, 
vtlile t h e  t h i r d  exhibited a sharp r e d u c t f ~ n  i n  Idss; 

no physical changes could be seen i n  the  t h r e e  under 
the microscope. There was no c l e a r  change i n  any of 
the measured e l e c t r i c a l  parameters f o r  any device rre- 
ceding fa i lu re .  nor t o r  any unfailed device t o  the  end 
of : . tress, e i t h e r  at rooo teaperatore o r  a t  150 OC; i n  
other  words, there  was no obvio>vs e l e c t r i c a l  indicat ion 
of degradation o r  a s  a precur; i c ~  catastrophic f a i l -  
ure. No evidence of e l e c t r o m i ~  . t ion  could be seen by 
op t ica l  microscopy i n  any devicc. f a i l e d  o r  not. 
These r e s u l t s  a t  150 OC a r e  consls tent  with r e s u l t s  

obtained i n  o t h e i  DC and RF measurements. 15 

Twenty devices were s t ressed at. r75  OC; seventeen 
fa i l ed  catastrophical ly.  Six of the  catastrophic f a i l -  
ures were infunt f a i l u r e s ,  occurring a t  the  s t r e s s  
temperature w i ~ h i n  f i v e  hours of the beginning of t h e  
s t ress .  The e l e c t r i c a l  f a i l u r e  mode herd was high g a t e  
'.eakage and high channel resis tance;  microscopic exami- 
natio? revealed ga te  pad damage i n  every case, with a 
burned a rea  bridging the ga te  pad and source pad. Some 
drain-source c o m n  damage was a l s o  observed, but  this^ 
may have been spill-over. The o ther  eleven devices 
fa i l ed  a t  tlmes up ts 1000 hours; six had high gate 
1e.lkage and f i v e  vere open gates. The open g a t e  de- 
vices  had l o s t  t h e i r  gat,? leads; the  g a t e  pads were 
blackened and heavily dam.oged. Four of the s i x  de- 
vices  with high ga te  leakage displayed the  sere kind 
of ,Ate pad-source pad damage and bridging as d id  t h e  
infant  fa i lu res .  It was not possible  t o  de tdr r ine  
from t h e  mlcroscopi~  examinat~on whether t h e  g a t e  pad 



6- f a i l e d ,  o r  i f  it fused a s  t h e  r e s u l t  of f a i l u r e  else- -- 
${ here i n  t h e  device. - The e leven devices  f a i l e d  at t h e  stress tem- 

pe ra tu re  a lso .  A l l  f a i l e d  before  t h e  f i n a l  romn 
~ ~ temperature measurements, at LOO0 hours, could  be 

performed. Howver , .cer ta in  room t-rature t r ends  
could be es t ab l i shed  by 500 hours o f  stress. I n  
g u i e r a l ,  tiss decreased I r a  its pre-s t ress  value,  

on t h e  averalje, by 122, although decreases  as gr-t 
a s  252 uere observed; c h a m e l  r e s i s t a n c e  increased 
by around 15%; d i f f e r e n t i a l  transconductance re- 
r a i n e d  about t h e  same. although the  abso lu te  trans- 
conductance decreased because o f  t h e  c - q r e s s i o n  o f  
t h e  c h a r a c t e r i s t i c  curves;  pinch-off vo l t age  de- 
creased because of t he  reduct ion in  Idss; t h e  re- 

v e r s e  leakage c u r r e n t  became very high, i n  t h e  o rde r  
of nicroaaperes.  The zero  b i a s  s a t u r a t i o . ~  cu r ren t  
showed considerable  va r i a t ion ;  it is d i f f i c u l t  t u  
nb ta in  p r e c i s e  values  of  Is inasmuch a s  an  extrapo- 

l a t i o n  t o  zero  vol tage  is required,  and a -11 
change i n  t h e  s lope  ( the  i d e a l i t y  t a c t o r ,  a) of  t h e  
forward l o g  c u r r e n t  vs. vo l t age  curve w i l l  in t roduce 
considerable  inaccuracy. The i d e a l i t y  t a c t o r ,  n. 

. increased from bet- 1.12 and 1.28 t o  around 1.18 
t o  1.47. The b a r r i e r  height  a t  t he  gate-subst la te  
i n t e r f a c e  was estimated, and decreased, i n  general ,  
from around 0.8 et' t o  0.7 eV. 

Tile devices  which d i d  not f a i l  c a c a s t r o ~ h i c a l l p  
exh ib i t ed  t h e  same t rends ,  except that t h e  changes 
a f t e r  1000 hours of stress v e r e  g r e a t e r  than those  
a f t e r  500 hours  f o r  t he  f a i l e d  devices.  I d s s  de- 
creased by an  average of 172; channel r e s i s t a n c e  
increased by around It??; t h e  reverse  leakage cu r rec t  
was i n  t h e  o rde r  of t ens  of microanperes; tire change 
i n  n was about t h e  same as f o r  t h e  f a i l e d  devices;  
and the  est i ... t r d  . -cr ier  height  4ecreased from sjpe 
0.8 eV t o  0.6 et'. 

Excluding t h e  in fan t  f a i l t ~ r e s ,  a l l  devices.  in- 
c luding those  which d id  not f a i l  ca t a s r roph ica l ly .  
shoved s i g n i f i c a n t  a l t e r a t i o n s  !n the  d r a i a  s t r i p e  
me ta l l i za t ion .  'Cherc was a l s o  soae  l i f t i n g  of  tfre 
s i l i c o n  n i t r i d e  overcoat;  t h i s  is probably an e f f e c t  
of t h e  high s t r eb+s  temperature. inasmuch a s  i t  a l s o  
occurred i n  t h e  adlacent  c e l l .  which had no g a t e  o r  
d r a i n  connection, acd c a r r i e d  no current .  There was 
a build-up of  metal  a t  t h e  g a t e  pad end of  the  d r a i n  
s t r i p e s .  appearing a s  r a i sed  h i l locks ,  and a th inning 
of  :he d r a l n  s t r i p e s  near  t h e  d r a i n  pad. This  is a 
s u r p r i s i n g  r e e u l t ,  and does not ctgrce w i t h  o the r  ob- 

se rva t ions  on s i m i l a r  devices  under RF 'onoitions,  16 

i n  which t h e  d i r e c t i o n  of  metal migrat ion is t w a r d  
the  d r a i n  pad end of  the  d r a i n  s t r i p e s .  The l a t t e r  
r e s u l t s ,  however, were obta ined with e s s e n t i a l l y  
l i n e a r  ope ra t ion ,  and i n  t h e  s t r e s s e s  impoced I n  t h i s  
work, s u b s t a n t i a l  forward g a t e  c u r r e n t  (bctwean 50 mA 
and 100 mA) flowed. No con t ro l  measurements on only  
DC biased devices  were made a t  275 OC. s o  t1 . a~  i t  is 
not  poss ib l e  t o  a s s e s s  t h e . r f f e c t s  of t he  forward 
g a t e  cu r ren t  a t  t h i s  time 
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Tatauo Takahashi and O..u Y u r d a  
RCA b e e a r c h  Laboratories, Inc., X.ehida City, Tokyo, J a m  

Abstract - hldriuw borsci te  s ing le  c l y s t s l s  a t  high 
temperatures (2 300.C) were fomd t o  e x h i b i t  a 
revemible e l e c t r i c  f i e l C i a d u n d  t r a n s i t i o n  between 
a h i m y  insu la t ivc  and a cooductivr s ta te .  'rite 
ryi tching threshold is d l e r  than a feu v o l t s  f o r  
aa electrode spacing of few tenth of  a millimeter 

2 3 eornqmading  t o  ur e l e c t r i c  f i e l d  of  10 I. 10 V l a .  
Ibis is mch smaller than t h e  d i e l e c t r i c  breakdown 
f i e l d  f o r  an insulator  such a s  borarfte. The insuid- 
ti= s t a t e  reappears a f t e r  voltage removal. A pulse 
technique revealed trro d i f f e r e n t  types of svitching. 
Uostable switching occurs when t h e  pulse voltage 
s l i g h t l y  exceeds the svi tching threshold and fs charac- 
ter izea by a pre-svitching delay and a l s o  a residual  
current a f t e r  voltage p d s e  removal. A s t a b l e  type of 
switch- occurs when t h e  voltage becomes s u f f i c i e n t l y  
high. Possible device appl icat ions of t h i s  sui tzhing 
phenorenon are discussed. 

A s e r i e s  of conpcrmds having a chemical formula 
U B 0 X (H = divalent  r e t a l ,  X = halogen) have been 

3 7 13  
known to be i sos t ruc tura l  with he mineral magnesium 
chlorine b r a c i t e  (b3B7013Cl) .'l These compounds 

have an orthorhoabic cZv-Pca s t ruc ture  a t  room tea- 

peratwe and transform t o  a cubic <-~i;)c s t r u c t u r e  

a t  a higher temperature. Extensive invest igat ions 
of physical propert ies  of boraci te  ~mpoundr vzrr! made 
in  &he past  &&sore boraci tes  were found t o  be ferro- 
e l e c t r i c  and e romagnetic simultaneously a t  low 
-emperatcres.'-' b c e n t l y ,  r have successful ly grown 
s ing le  c i y s t a l s  of  Cd boracites, Cd3B7013X; X = C1 o r  

Br, by a chemical vapor transport method.'' The 
crystallographic t rans i t ion  temperatures %re 520 f: 
5-C f o r  t h e  Cd-CI boraci te  and 430 + 5*C f o r  the  Cd-Br 
boracite. During measurerents on these c rys ta l s ,  we 
found tha t  tlle c r y s t a l s  abruptly became conductive 
when a dc b i a s  voltage was applied at above 300°C. 
temperatures considerably below the t r a n s i t i o n  tem- 
perature. - The sui tching was reproducible and closely 
resembled t h a t  observed i n  chalcogenide glasses. 11 

Hovever, the . c r i t i c a l  f i e l d  s t rength required f o r  such 
3 switching ( lo2 'b 10 V/cm) was a t  l e a s t  one o r  two 

orders of magnitude smaller than t h a t  i n  the case of 
as~rphous  selaiconduct~rs. The r e s u l t s  of  dc and pulse 
measurements of t h i s  in te res t ing  switching phenomenon 
a r e  described below. Possible device appl icat ions of 
t h i s  phenomenon w i l l  a l s o  be discussed. 

S+le Preparation and Measuring Technique - 
The Cd boraci te  c r  s t a l s  were grown by a method 

described elsewhere.r0 h e  c r y s t a l s  (ux. edge length 
'6 m) were cu t  i n t o  s l i c e s  having a simple crystal lo-  
graphic face such a s  (1001, (1101, and (111) i n  
pseudo-cubic indices. Each s l i c e  was ground and 
polished r l t h  diamond paste. . Electrodes of Au/Cr f i lm 
were evaporated. The C r  inner l ayer  adheres r i g i d l y  
t o  borecite surface to make a good supporting f i l n  f o r  
the Au overlayer. Cold lead v i r e s  were attached to the 
e lec tmdes  with Ag-conducting paste. In the dc 
peasuremn ts, the saolple was connected i n  s e r i e s  with 

a large protective load resis tance (10 ?. 100 a). - 
A voltage across the  sample (X) and a current  through 
the load resis tance (Y) wererrecorded on an X-Y 

recurder. 
In the pulse rurumcnts, t h e  pulse generator (Top 

Telemmic~)  was capable of del ivering a square pulse of 
v x i m m  amplitude 10 V v i t h  various pu le  l m g t b s  (1 
psec I. 10 .see) and p u l e  repe t i t ion  r a t e s  ( s lag le  

6 sweep ?r10 pulseslsrc).  Both the d c  p a n e  aad the 
current  through a 50 lm lo& resisturn were recorded 
*;.I a storage osci l loscope ( T e k t m i x  type 564). 

When a c r y s t a l  was heated t o  above a c e r t a i n  c r i t i c a l  
temperature Tc, t h e  c r \ - s t a l  could be made conductive 

- 
upon the app l ica t ion  o f  a dc voltage. Figure L is a 
schematic i l l u s ~ r r  ton of current-voltage character is-  
t i c s  f o r  such switching. As can be s z m ,  the-svitchfng 
is symmetrical w;th respect  t o  voltage polar i ty .  
Before switching, the cur ren t  is d c t e d n e d  by t h e  
sample resis tance s ince  it is u c h  l a r g e r  than 2. 

Fig. 1. dc current-voltage c h a r a c t e r i s t i c s  of a 
Cd-X boraci te  c r y s t a l  (X = C 1  o r  B r )  a t  T 2 T . 

AEter the threshold is exceeded, a negative res i s tance  
region appears. In Lhe 'on' stat.:, the  dynamic r e s i s t -  
ance of  the sample dV/dI takes a small pos i t ive  o r  zero 
value. Un:ike the case of threshold switching i n  
amorphous semiconductors, there does not e x i s t  a c r i i i -  
ca l  c u r r e * ~ t ,  o r  a so-called holding current  a t  which 

the samrle abruptly switches back LO the ' o f f *  s t a t e .  11 
It seems t h a t  t n e  sample graduully re tu rns  t o  the  'off '  
s t a t e  a s  the current  is decreased. Therefore, the  
sample resis tance i n  the 'on' s t a r e  cannot be c l e a r l y  
defined. The threshold voltage Vth is dependent upon 

teraperature and decry  , s  with temperature increase. 
In Fig. 2 ,  the  temperature var ia t ion  of V f o r  Cd-C1 

th 
boraci te  sandwich electrode sagtples , ~ f  'fur, di f  f e r e a t  
thickness a r e  shown. F i g u G - 3  is a s imi la r  r e s u l t  f o r  
a Cd-Br boraci te  sandwich electrode sample t!~at shows 
the presence of teinpbrature hys te res i s  on cooling. An 
apparent c r i t i c a l  rampereture Tc, obtained by ez t ra -  

polat ing Vth to i n f i n i t y ,  is rependent upon sample 

thickness. Thc r h i c k e ~ h e  sample, t h e  higher Tc. me . - .- . 



-- -. 

I 
threshold  voltage Vth 4s not  a l i n e a r  funct ion of  value. A f t e r  repeated sv i t ch ings ,  t h e  'on' s t a t e  is 

temporarily s t a b i l i z e d ;  The s t a b i l i z a t i o n  of  the  'on' thickness;  t h e  c r i t i c a l  ~ t e l d  inc reases  wi th  thickness.  
state, or lnnry switching,l is always preceded by fhe  Vth VB t c rpa ra tu re  cut\- doen n o t  show any a n o n l y  
threshold  w i t c h i n g  i n  Cd borac i t e s ,  j u s t  a s  i n  t h e  

a t  the c rys t a l log raph ic  t r a n b t t i o n  temperature T a t  
- tr case  o f  memory swi tching i n  chalcogenide glasses .  

11 

uhich t h e  peeliar -in :rrcllrr s t r u c t u r e  d isappears .  7 h ~  s t a b i l i z e d  'on' s t a t e  i n  Cd b o r a c i t e s  even tua l ly  
It u p  Le pointed o u t  t h a t  Tc f o r  t h inne r  samples is r e t u r n s  t o  t h e  ' o f f*  s t a t e  a f t e r  t he  removal o f  a dc 

voltage.  Complete recovery r equ i re s  times ranging 
in&ed =r7 'lose to the '-rature from seconds t o  hours. The occurrence of s t a b i l i z a t i o n  
appeared in  d i f f e r e n t i a l  t h e m 1  a n a l y s i s  (DTA) curves of an *eel state rakes intetpretation of dc 
or t h e  c r y s t a l  uhich a n  bel ieved t o  s b  the  e x i s t -  ments somewhat ambiguous. Accordingly, pulse  
m c e  of a higher o rde r  phase t r a n s i t i o n .  Uuch the  measurements were c a r r i e d  ou t  with r e s u l t s  a s  nex t  
same r e s u l t s  uere obtained i n  t h e  case  o t  coplanar d iscussed below. 
e l ec t rode  samples. 

Fig. I. Thres..old vol tage  \' .is a function of tem- 
pe ra tu re  f o r  two Cd-Cl boracfbe sandvich e l e c t  rode 
samples w i t l ~  d i f f e r e n t  e l ec t rode  spacings. 

r i g .  3. Threshold vol tage  V, a s  a funct ion of  
temperature f o r  a Cd-Br b o r a ~ h e  sandvich e l e c t r o d e  
sample, 

Pulse  Exper iscnts  

Threshold swi tching was c l e a r l y  observed i n  t h e  
pulse  experiments. The c r i t i c a l  temperature f o r  
sv i t ch ing  was comparable t~ t h a t  observed i n  the  d c  
experiments. However. t he re  occurred seve ra l  o t h e r  
pecu l i a r  pheno~ena n o t  observed i n  t h e  dc experiments. 

l k o  d i f f e r e n t  types  of swi tching were d i s t ingu i shed  
in  t h e  pulse  experiments. The f i r s t  type appears  nea r  
t h e  vol tage  swi tching threshold  and is cha rac te r i zed  
5p a time delay before  s v i t c h i n g  and by an  uns t ab le  
c , ~ r r e n t .  There a l s o  e x i s t s  r e s idua l  cu r ren t  a f t e r  t h e  
puise is removed. In Fig. 4,  an  example o f  such 
'unstable '  swi tching is shown. The photograph v a s  
taken by u l t i p l e  exposures a t  va r ious  pulse  voltages.  

Fig. 4. Scope r r ace  of unstable  s v i t c h i n g  pulse  
f m l t i p l e  exposure). Cd-Br bo rac i t e  sandwich e l ec -  
t rode sample wi th  e l ec t rode  spacing 0.38rm; vol tage  
(upper t r a c e )  0.' ;V/div: cu r ren t  (lower t r a c e )  o f  
10uP/div; time of L 3sec/div; s i n g l e  sweep t r a c e ;  
and temp of 340" + Z°C. 

As can be seen. t he  delay time shor tens  a s  t h e  vo l t age  
increases .  Af t e r  t he  removal of t he  pulse ,  t h e  c u r r e n t  
d isappears  with a decay time o f  15 20 psec.  An 
example o r  such a decaying cu r ren t  is shown i n  Fig. 5. 
Uhen t h e  app l i ed  vol tage  b e c o ~ e s  much l a r g e r  than the  
rbreshold vo l t age  f o r  unstable  svi tching,  the s v i t c h i n g  
begins t o  t ake  place v i t h  almost no delay. The c u r r e n t  
is s t a b l e  sad disappears  ins tantaneously  a f t e r  t h e  
removal of vo l t age  (Fig. 6). Typical threshold  vo l t age  
va:ues f o r  unstable  swi tching Vth(USSW) and threshold  

vo l t age  va lues  f o r  s t a b l e  switching V t h  (SSW) f o r  var i -  - ~ 

ous pu l se  l eng ths  a r e  shown i n  Table I. These vo l t aqe  
d a t a  v e r e  taken under constant  duty o p e r a t i  n ,  i.e., -P pulse lenqth  (sec)  X pulse  r e p e t i t i o n  ( sec  ) = 0.1. 
A. can be seen,  both V t h l s  i l icrcase as t h e  pu l se  l eng th  

m e n  l s ~ l e  is &PC i n  the 'on' s t a t e  a t  a c e r t a i n  decreases.  V (SSW) is a t  least 3 ?. 4 tiws V (USW) . 
temperature, s t a b l t i z a t i ~ n  of  t h e  conductive state t h  th 

to set in. fiat is, if the state is Pab- Uhen t h e  app l i cd  vol tage  is kep t  constant ,  t h e r e  e x i s t s  

ta ined f o r  a s h o r t  ti-, V r a s u n d  i m d i a t e l y  a c r i t i c a l  pulse  r e p e t i t i o n  r a t e  a t  which uns tab le  
t h  rwi t ch ine  takes  p lace .  The c r i t i c a l  pu l se  r e p e t i t i o n  

a f t e r n a r d s  is considerably . u l l c r  ;hart its previous 



rate increases with decreasing pulae length as expec- at high te.pcratures by the diffusion of Ag through 
ted. In all cases, little or no stabilization effect the A d C r  film. It was found that the sample did not 
was observed after repeated applications of voltage aritch *.en a Au lead wire was themally bonded onto 
~ulses. the Au/Cr film. It seem that AR is indispensable to 

form a good electric contact to a boracite- crystal. 
H w e w r ,  little is understood about the electrode 
effect an well as the switching phenoscnon in general 
at present. Several lechanisas that had been proposed 
to account for the other switching phenorna Pave been 
discussed in connection with the switching in Cd- 
boracite crystals elsewhere.12 

Device Applications 

A number of functional devices can be fabricated by 
making use of the newly found threshold =itching in 
Cd-boracite single crystals. Since the switching takes 
place only at high temperatures (2 3OO0C), such devices 
may be found to be useful in the fields where a high 
ambient temperature or a lack of worklble heat sink 
prevents the use of ordinary solid state devices. Such 

Fig. 5. Scope trace of unstable switching pulses. devices include: 

Cd-CI boracite sandwich electrode sample vith elec- 1. Current controlling deviccs having   on-blocking 

trodr spacing of 0.48rmr; voltage (upper trace) of Ag electrodes for dc, dc pulse and ac circuits 

5VIdiv; current (lover trace) of 40 ~Aldiv: time of (s)etric devices). 

5 usec/div; pulse repetition rate of 2 EPPS; and 2 .  Current controlling devices having one bloc'king 

temp of 345' + 2'C. and one non-blocking electrode (asymmetric devices). 
Such asymmetric electrode devices can be used in a 

Fig. 6. Scope trace of stable switching pulses. The 
sample is the same as in Fig.5 vith voltage (upper 
trace) uf 2VIdi.r: current (lover trace) of 40uA/div; 
time of 5 usecldiv; pulse repetition rate of 10 KPPS; 
and terp of 345O 2 Z°C. 

Table I 
Vthqs for Constant Duty Operation 

logic circuit for dc and dc pulse voltages. 
3. Current rectifiers for l w  frequency ac. 
Since the operative principle of devices of first 

and srrond categories arc obvious from the foregoing 
discussi~~r, only the current rectifiers vill be des- 
crihed in somt detail. Figures 7 and 8 shov the 
circuits for half-save and full-wave rectifiers, res- 
pectively. The half-vave rectifier of Fig. 7 consists 
of an ac source, a load resistance %, a blocking 
capacitm~ce Cb. a boracite crystal element. and a dc 

Pulse Width Pulse vth(USSW) Vth(SSU) 
Repetition Fig. 7. Circuit of half-wave boracite rectifier. 

(sec) (Pulseslsec) (V) (V) 

lo-'' lo5 2 7 1.8 

lo4 1.2 3 

lo-b 10' 0.2 0.4 4 

lo2 0.2 ?. 0.3 4 

10-2 10 0.2 0.0 3 - 
Sample: Cd-C1 boracite (001) cut, 0.48 arm thick, 

F 
T = 340 + Z°C. 
Throughout the present switching experiments, dc or 

pulse, the aforementioned svitching characteristics 
changed little with crystallographic orientation of 
the sample. 

Ac 

In the present experiment, Au lead wires vere 
attached to the sample vith Ag-conducting paste. In 
this case, a Ag-boracite contact is presumably formed Fig. 8. Circuit of full-wave boracite rectifier. 

69 . 



c o a t r o l  c i r c u i t .  f ie  borac i t e  element i n  t h i s  c a s e  
can be e i t h e r  a s y a n t r i c  o r  a s y t r i c  device.  The 

dc con t ro l  c i r c u i t  c o n s i s t s  of  a v a r i a b l e  dc vo l t age  
source and a l a r g e  p ro tec t ive  r a s i s t m c e  R t o  block 

ac  cu r ren t .  When a s r l l  ac  vo l t age  is apbl ied  
fol loued by 8 dc vol tage ,  a r egu la t ed  cu r ren t  begins 
t o  flow a t  a c r i t i c a l  dr: voltage.  F i y r e  9 shows a 
scope t r a c e  of such a regula ted cu r ren t .  Because of 

Fig.9. Scope t r a c e  o f  ac  half-wave r e c t i f i e d  current .  
Cd-Br bo rac i t e  sa .~duich e l ec t rode  sampie with e lec-  
t rode  spacing - 0.30mm. 100 $2, R = IOOKR, C - 
10 YF. Vdc= 8.0V. and tex- 395. + - '2'~. Ac rkc t i -  

f i e d  cu r ren t  (upper t r ace ) :  0-OSVfdiv. Applied 50Hz 
ac  vol tage  (lower t r ace ) :  0.5Vldiv. Time: Smoec/div. 

the  threshold  swi tching c h a r a c t e r i s t i c s  of bo rac i t e  
c r y s t a l ,  t h e  cu r ren t  appears i n  the  f o m  of r egu la r ly  
repeated pulses .  The d i r e c t i o n  of cu r ren t  is reversed 
when t h e  p o l a r i t y  of dc vol tage  (V ) is reversed. For 

dc - - 
s t a b l e  opera t ion of the  half-wave r e c t i f i e r ,  an upper 
l i m i t  (maxima) e x i s t s  f o r  both V and Vat. For V 

dc dc' 
i t  is about t en  t imes t h e  minimum voltage.  The maxinum 
o f  Vac is much smal ler  than t h a t  o f  V The b i a s  dc 

dc' 
vol tage ,  both minimum and maximum. required f o r  the  
r e c t i f y i n g  e f f e c t  t o  take  p l ace  inc reases  with i n c r t . ~ s -  
i n g  cu r ren t  o r  power i n  the ac  c i r c u i t .  This  observa- 
t i o n  cannot be explained but i t  seems t h a t  t he  response 
of t h e  Cd borac i t e  e l e l e n t  is d i f f e r e n t  when ac and dc 
a r e  app l i ed  simultaneously a s  compared t o  the  case  of  
dc o r  ac used alone. 

The full-wave r e c t i f i e r  o f  Fig. 8 c o n s i s t s  of an a c  
source,  a load r e s i s t a n c e  R,, tw blocking capaci tances  

Fig.10. Scope t r a c e  of ec  full-wave r e c t i f i e d  c u r r e n t  
Cd-Br bo rac i t e  coplanar t r i e l e c t r o d e  sample v i t h  
e l ec t rode  spacing = 0 . 2 0 a ;  RclON, Rn-100KR; CbI, 

- - 

c,,,-low; v -15V; a d  temp ; 301' = 5-C. 
dc  

Ac r e c t i f i e d  cu r ren t  (upper t r ace ) :  O.lV/div. Applied 
50 Itr a c  w l t a g e  ( lova r  t race) :  O.SV/div. 
Ti-: 5 =sc/div.  
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Cbl. Cb2. a borac i t e  element,  and a dc c o n t r o l l i n g  

c i r c u i t .  Tile S a r a c i t e  element i n  t h i s  r e c t i f i e r  has  
th ree  e l ec t rodes .  I n  Fig. 8, t h e  tw ~ i 3 e  e l e c t r o d e s  
a r e  p a s i t l w l y  biased v i t h  respect  t o  t h e  middle one. 
The cu r ren t  through \ w i l l  be il i n  the  f i r s t  ha l f  cycle  

- 

of  ac  and i2 i n  the  next  h a l f  cyc le  s o  t h a t  t h e  f u l l -  

vave r e c t i f i c a t i o n  w i l l  be coapleted. The d i r e c t i o n  
.>f cur ren t  through \ r eve r ses  when t h e  p o l a r i t y  of  

s i d e  and r i d d l e  e l e c t r o d e s  is n v e r s e t l .  F igure  1 0  
s h o w  a scope t r a c e  of  such a r e c t i f i e d  :urrent 
obtained by t h e  c i r c u i t  of Fig. 8. As i n  the  case  of 
ha?f-uave r e c t i f i c a t i o n ,  t h e  minimm dc b i a s  vo l t age  
increased wi th  inc reas ing  a c  voltage.  

The above examples a r e  i l l u s t r a t i v e  of p o t e n t i a l  
usefulness.  Other c i r c u i t  a p p l i c a t i o n s  o f  t h e  Cd 
borac i t e  swi tching devices  seem poss ible .  
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W T W E R  HAPPENED TO SILICOS CARBIDE 

R. B, Campbell 
west inghouse Elect tic Corporat ion 

P. 0. Box 10864 
Pittsburgh, PA 15236 

SurmPar; 

Silicon carbide bas been used extensively as an 
abrasive, but only tn the last twenty-five years has 
its potential a= r: semiconductor been exploited. l'he 
rationale for SIC semiconductor-devices is their high 
temperature performance. Rectifiers, field effect 
transistors, charged particle detectors, and other 
devices operate efficiently at temperatures about 
800%. 

It is the purpose of this paper to examine the 
progress made in SIC devices in the 1953-1975 time 
frame and suggest reasons for the present lack of 
interest i ~ .    is unique material. The data given in 
this paper has been abstracted from previously pub- 
lished work. 

SIC is inert to nearly all laboratory reagents, 
and the usual techniques for chemical etchiej employ 
molten salt or salt mixtures (NaOH, Na20, borax) at - 
temperatures above 6-m°C. Electrolytic etchirg, suita- 
ble for p-type material and etching with gaseous chlo- 
rine near 1 0 0 0 ~ ~ ,  may also be used. 

The physica~ ~,:-dnes~ and chemical inertness im- 
pose great restraints on device iabrication techniques. 
Although SIC technology has progressed alonq the same 
lines as that of silicon, many techniques had to be 
developed which were peculiar to Sic and which inevi- 
tably made the fabrication more difficult and expen- 
sive. 

Methods of Preparatis 

The oldest and pernaps the best known wthod of 
Introduction - Sic crystal growth is the sublioxition method. This 

In the last s9vent> years, considerable use has technique uses the vaporization of a SIC charge at 
been made of the abrasive characteristics of silicon about 2500°2 into a cooler cavity with subsequent con- 
carbide (hereafter SIC); however. only recently were densation. Initially the charge formed its own cavity, 

(i-4) 
its potentialities as a semiconductor exploited. 
It is the purpose nf this paper to discuss SIC devices 
in the 1955-1975 time frame. Since Sic device proper- 
ties are jntimately ccnnected with its material proper- 
ties, cr!,stal growth and fabrication techniques wi-11 
also be discussed. Finally. I will suggest reasons it 
is no longer considered a viable product for exploita- 
t ion. 

The work discussed in this paper was performed at 
various industrial and college research laboratories. 
These proArams are no longer active, and there are no 
known plans or interest in I r i r  reactivation. 

Physical and Chemical Properties 

Silicon carbide exists in the hexagonal (a) and 
cubic (B) phases with the n phase occurring in a vari- - - .  
ety of polytypes. The vario"s forms of SIC have the 
largest energy gaps found in common semiconductor 
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2Hk 
The bonding of Si and C atoms is basically covalent 
vith about 12% ionic bonding. The structures are tem- 
Derature stable below 18000C and thus form a family of 
semiconductors useful for high temperature electronic 
devices. Table 1 shows the lattice parameters and 
energy gap (O°K) for the commn polytypes. 

Tab19 1. L f t i c e  b t u t m  and be-y Gep of SIC Polycypoa 

l a t t i c e  P r u t e r m  ,a b.ra cap (0.K) 
Structure 

111 a - 1.0) . c 5.OW 3.33 

U a - 3.09 . c lO.03 3.26 

U a - 3.0817, c 15.A183 3.02 

3 1  3.01 

ra l - 3.07) . c 37.78 2.m 

2lm a - 3.079 , c 52.88 2 . Y  

. m 2.00 - 2.90 

die-k . - 4.3% 2.39 

but more uniform crystals are grovn when a thin graph- 
ite cylinder is used in the center of tt.e charge. This 
thin cylinder also reduces the number of nucleations so 
that fewer but more perfect crystals are grown. The 
crystals are grovn as thin hexagonal platelets, perpen- 
dicular to the growth cavity. Doped crystals, contain- 
ing p-n junctions, can be prepared by adding proper 
dopants to t h ~  ambient during grrvth. The power recti- 
fiers, to be described later, "ere prepardd by this 
method. 

Other methods of crystal growth are epitaxy, trav- 
eling solvent and solution growth. 

The hexa onal a phase is grown epitaxially from 8 172j0 to 1775 C with the cubic phase being grown from 
1660°C to 1700°C. In both cases, equA molar percent- 
ages of CC1, and SiC1, are used. Polished and etched 
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SIC crystal . were generally used as substrates althou~h 
Ayan and co-wcrkers at Ai-- Force Cambridge Research 
Laboratory have investigated the grmth of Sic onto 
carbon substrates using the hydrogen reduction of 
methyltrichlorosilane (CH3SiC13) (called the vapor- 

liquid-solid growth). A t  150Q°C, a-Sic whiskers on the 
order of 5 mm long by 1 nun diameter were grown. These 
whiskers were of the relatively rate 2H polytype. 

Sic crystals have been grown together, and p-n 
junctions formed by passing a heat zone through two SIC 
crystals separated by a solvent metal (traveling sol- 
rent?. The temperature gradient across the thin sol- 
vent zone causes dissolution at both solvent-solid 
interfaces. Hcwever, the equilibrium solubility of SIC 
in the snlvent is greater at the hotter interface. a 
concentration gradient is established. The solute. 
then, will diffuse across the liquid zone and precipi- 
tate onto the cooler crystal. In this wag, two dissimk 
lar conductivity type Sic crystals can be grown togeth- 
er. 

In the solution growth technique, a small amount 
of Sic is dissolved in molten Si (or in some cases Pe 
or Cr). Aa the melt is slowly cooled, the Si': becomes 
less soiuble; and SIC crystals nucleate and grow in the 
crucible on prepared graphite substrates. The grown 
crystals are normally of the 0-phase. Improvements in 
the crucible geometry and cooling rates have led to 



cubic crystals up to 4 arm across and 0.1 Imn thick. 
With the use of pure starting materials and extensive 
degassing, quite pure crystals can be grown; and 

,, 
electron mobilities of 500 cm' per volt-sec have been 
measured. 

Device Techniques 

The specific device techniques used will varv 
from device to device, and it is the purpose of this 
section to discuss fabrication methodc in a genercl 
manner. In later sections when the individual devices 
are described, any special techniques required will be 
discussed. 

The mechanical shaping of a hard crystal such as 
SIC is generally accomplished by scribing and breaking, 
lapping and polishing, ultrasonic cutting and air 
abrasive cutting. Boron carbide and/or diamond are 
used for these purposes since they are the only mate- 
rials sufficiently hard. 

Scr-bing the crys~al with a diam~nd point and 
breaking it along the scribe line can also be used. 
As gill be djscussed later, a number of field effect 
transistors were fabricated on a single crystal; and 
these transistors were separated by scribing. Obvi- 
ously this is bcst carrisd out on a scribing machine. 

All of these mechanical shaping operat!ons inevi- 
tably leave surface and bulk damage in the crystal. 
Some studies have indicated tnat the damage may propa- 
gate into the crystal by microcracks to a depth of tens 
of microns. For optimum device performance this dam- 
age must be removed, e -g . ,  bv chemical etching. 

The etching of Sic using molten salts has been 
described in detail by Faust in 1959. In his paper, 
Faust describes the side c ~ f  the SIC crystal which 
etches in a rough "wormy" pattern using molten salt on 
the carbon side and the side where the etch is smooth 
as the silicon side. This data has also been con- 
firmed by Brack in 1965, using X-ray techniques. 

Chang and co-workers studied the diffusion of 
aluminum into SiC from 17500C to 2100°~, using both 
closed tdbe and open tube flowing gas techniques. 
Since the SIC crystals will deco~pose at these temper- 
atures, it was necessary to provide an equilibrium 
pressure of Si and C vapor species aroud the crystals 
during the diffusion process. Griffiths In 1965 and 
Vodakov et a1 in 1966 reported further experiments 
using similar techniques. The activation energy for 
the diffusion of aluminum into SIC found in these 
three studies agreed within 5% (-4.8 eV). 

Further reEinements in unpublished work by Canepa 
and koberts of :he Westinghouse RCD Center restllting in 
junction depletion widths up to 25 VPI were obtained 
,sing a combination of infinite source and finite 
source diffusion techniques. 

Another technique is to use gaseous etching, e.g., 
C1 at 950°C to 1050°C (Thibault) or C12 + O2 at 1000°C 
2 

(Smith and Chang). 

Characteristics of SIC Devices 

Figure 1 shows the reverse characteristics of the 
IV properties of a SIC rectifier prepared by the grown 
junction method, operating at one ampere and 30°C and 
5000C. The forward voltages cif these devices, even at 
500°C, are always larger than 1 volt (hfilf wave 
average). Thus far, rectifiers operatine to 10 A 
have been fabricated, and specially processed low 

600 PIV. The reverse characteristic of SIC rectifiers 
generally show c "soft" breakover, rather than the 
avalanche breakdown sometimes noted in silicon. This 
is eenerally attributed to tire carrier generation 
mecha.,'sm at t h ~  junction end to 1x81 areas breaking- - s 
down !ifferent voltages, so that the total effect is 
one 01 gradually increasing reverse current. 

- 
< - 
C 
Y 
L, la, 
U 

X 

P a 
Y 

F 
I < 
i 
Z = 
2 

10 

Figure 1. Representative properties of silicon carbide 
grown junction rectifiers - reverse charac- 
teristics 

Although very limited life test data have been ob-- 
tained for these grown junction rectifiers, a few de- 
vices have been operated at several amperes for up to 
200 hours at 500'~ in air, wCth no change in electrical 
characteristics. Devices operating at one ampere and 
using approximately the same encapsulation have been 
successfully life tested fur 1000 hours at 500°C. 

The operation qf a p-n junction nuclear particle 
or photon detector depends on the collection of elec- 
tron-hole pairs produced by the ionizing particle or 
photon as it passes through the detector. The elec- 
tron-hole pairs are separated in the junction region. 
collected, and give rise to a charge or voltage pulse. 

Silicon photovoltaic diodes have been developed for 
the detection of infrared and visible radiation. These 
diodes exhibit a sharp drop in response as the wave- 
length of the incident light approaches the ultraviolet 
region with most detectors sh~wing negligible response 

0 
below 3000 A. This decreasing response is due to the 
increase in the absorption csefficient with decreasing 
wavelength. A large absorption coefficient indicates 
nearly all the light will be atsorbed ac the surface of 
the device, and electron-hole pairs generated may be at 
a great distance from the p-n junction. Thus, surface 
effects, such as carrier recomb!nation, will decrease 
the response of the detector. 

current devices have exhibited reverse capability of 
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SIC, with a band gap nea r  3.0 eV, has  an  absorp- 
t i o n  c o e f f i c i e n t  s e v e r a l  o rde r s  o f  magnitude l e s s  Lnan 

0 
t h a t  of S i  a t  4000 A, and t h e r e f o r e  s u r f a c e  e f f e c t s  
would not  be  s o  impo-tant. Detectfirs have been pre- 
pared from SIC, and t t m e  devices  were found t o  have 
a s p e c t r a l  response which were a maxitllum i n  t h e  u l t r a -  
v i o l e t  region and which could be s h i f t e d  by varyinp 
t h e  junc t ion  depth.  

a r e  very  c l o s e  t o  t hose  p red ic t ed  from t h e  a - p a r t i c l e  
response t ak ing  i n t o  account t h e  d i f f e r e n t  d i s t r i b u t i o n  
i n  t h e  i nb iden t  energy. The SIC diode,  which had a 
peaked a-spect ra ,  a l s o  shows a peak f i s s i o n  product 
spec t r a :  i n  f a c t ,  t h e  l i s s i o n  s p e c t r a  of t h e  d iode  
r e s o l v e s  t h e  double peaks. 

U - Dartlcle Mer 
0 0.5 1.0 I--- 1 

A simple t h e o r e t i c a l  model was o r i g i n a l l y  der ived 
by Chang and Campbell which q u a n t i t a t i v e l y  expla ined 
the  dependence of t h e  peak wavelength on t h e  junc t ion  F~srion Prcduc:~ Spectrum 

depth and t h e  dep le t ion  width of t h e  diode.  Consid- 
ered  i n  t h i s  model were t h e  wavelength and temperature - I5 
dependences of t h e  abso rp t ion  c o e f f i c i e n t  i n  S i c  bc- 
low t h e  band edge. An approximation was made t h a t  a t  
t he  peak response wavelenr I t he  t o t a l  number of 
e lec t ron-hole  p a i r s  qeneratecl i n  t h e  d e g l e t i o n  l a y e r  
is a maximum f o r  a given i n t e n s i t y  of t r ansmi t t ed  
r a d i a t i o n  a t  t h e  su r f ac f  

Figure  2 shows t h e  v a r i a t i o n  of peak response 
wavelength ca l cu l a t ed  from t h i s  model. The curves  a r e  
sl~own f o r  va lues  o f  t h e  e f f e c ~ i v e  dep le t ion  width (w) 
from w = 1 micron t o  w = 1 0  microcs. 

Flts~nn Mev 

Figure 3. Comparison of a lpha  p a r t i c l c  and f i s s i o n  
f:agment count ing of s i l i c o n  ca rb ide  junc- 
t i o n  d iode  ( a f t e r  Canepa e t  a l )  

- 
1 - 

m 
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Tunnel d iodes  i n  sic can be made by forming a 
.c - - a heavi ly  doped a l loved  junc t ion  i n  e i t h e r  n- o r  p-type 
0 1 0 - ~  

degenerate SIC c r y s t a l s ,  us ing a very f a s t  a l l o y i n g  

- - cyc le  s i m i l a r  i n  p r i n c i p l e  t o  t h a t  o r i g i n a l l y  used t o  
u 
c produce Ge tunnel  d iodes .  Degenerate n-type SIC can 
3 
7 - be grown r e a d i l y  with heavy n i t rogen  doping. The 

p-type degc,~eracy i n  S i c  cannot be e s t a b l i s h e d  u n t i l  
t he  uncomprnzlted accep to r  l e v e l  approaches 102O - 
lo2' ~ m - ~ ,  which has not  been achieved. 

An operable  S i c  tunnel  d iode  was reportec! Ly Kutz 
i n  1964. The junc t ion  was -armed by a l l o y i n g  S i  i n  a 
n i t rogen-conta in ing atmosphere t o  very  heav i ly  X1- 

doped a-Sic c r y s t a l s  (4.5 x lo2' - 9 Y lo2' uncompen- 
--3 

s a t ed  accep to r s  cm ). The h ighes t  peak-to-valley 

Peak Wavelength. A cu r ren t  r a t i o  achieved was 1.37 a t  room tempera ture ,  
but negat ive  r e s i s t a n c e  was observed a t  tempera tures  

Figure 2. Peak s p e c t r a l  response of s i l i c o n  ca rb ide  a s  h igh a s  500°C. The peak vo l t age  is  unusual ly  h igh,  
j unc t ion  diode a s  a func t ion  of j unc t ion  approxiivately 0.9V and 24'~. F igure  4 shows t h e  I V  
depth  ( a f t e r  Campbell and Jhang) c h a r a c ~ e c i s t i c s  of a SIC tunne l  d iode  a t  s e v e r a l  tem- 

pe ra tu re s .  

I n  a d d i t i o n  t o  t hese  photon d e t e c t o r s ,  S i c  dlode 
s t r u c t u r e s ,  s p e c i a l l y  prepared with graded junc t ions ,  
have heen used t o  d e t e c t  alprta p a r t i c l e s ;  and with t h e  
add i t i on  of a conversion l a y e r ,  thermal neut rons  harre 
been counted. 

The f i s s i o n  products  of U-235 i r r a d i a t e d  wi th  
thurmal neut rons  a r e  no t  unique but have a d i s t r i b u -  
t ior .  with two peaks occurr ing  i n  t h e  f i s s l o n  product 
mass d i s t r i b u t i o n  curve.  The t o t a l  energy l i b e r a t e d  
is  15' MeV wi th  peaks a t  66 and 91 MeV. f i g u r e  3 
shows a comparison of t h e  a lpha  and f i s s i o n  product 
s p e c t r a  f o r  a SIC diode .  Tihe f i s s i o n  products  s p e c t r a  

The channel dimensions and o t h e r  dev ice  dimensions 
i n  a SIC juqc t ion  g a t e  f i e l d  e f f e c t  t r a n s i s t o r s  a r e  
q u i t e  smal l  due t o  t h e  low c a r r i e r  l i f e t i m e  and cor- 
respondingly s h o r t  d i f f u s i o n  l eng ths .  Thus, t h e  fab- 
r icac ior .  qf t hese  dev ices  r e q u i r e  pho to l i t hog raph ic  
techniques.  Using a self--masked d i f f u s i o n  process  and 
gaseous e t ch ing  ( s s e  Figure  5 ) .  Chang e t  a 1  f a b r i c a t e d  
SLC FET's which exh ib i t ed  c u r r e n t  ga in  from room tem- 
pe ra tu re  t o  5 0 0 ~ ~ .  

A s i l i c o u  ca rb ide  the rmis to r  was descr ibed by 
C a m y ~ e l l  i n  1973. This  dev ice  t akes  advantage o f  t h e  
rxpoqen t i a l  decrease  i n  r e s i s t a n c e  of a SIC junc t ion  



Figure  4. I V  c h a r a c t e r i s t i c s  o f  s i l i c o n  ca rb ide  tunnel 
d iode from -1960C t o  4 0 0 ~ ~  ( a f t e r  Rutz) 

l a )  Section vim. oxide nask after photoresist etch 

P-tupe I 
lb) Following C l i O Z  etch and removal of oxide 

Ic) Following second diffusion af p-l.:, c mpurity 
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with temperature. Since t h i s  r e s i s t a n c e  c h a q r s  by a n  
o rde r  of  u g n i t u d e  f o r  every lWrC t c r p e r a r u r e  change. 
a change o f  a f eu  t en ths  of  a degree is e a s i l y  de- 
tec ted .  Prototype devices  have been operated s e v e r a l  
thousand hours  (with f requent  cycl ing)  without degrada- 
t ion. 

Conclusions 

Tnus f a r  I have given a b r i e f  o u t l i n e  o f  S i c  
semiconductor devices  and methods f o r - t h e i r  fabr ica-  
t i on .  The d a t a  g iven show t h a t  S i c  devices  are f e a s i -  
b l e  and have p r o p e r t i e s  t h a t  should be of  i n t e r e s t  t o  
s e v e r a l  high technology f i e l d s .  The ques t ion  then 
a r i s e s :  Why is t h e r e  s o  l i t t l e  i n t e r e e t  i n  t h i s  matt - 
rial today, and why a r e  the re  no SIC devices  cu r ren t )  
i n  use? 

I be l i eve  t h e r e  a r e  t h r e e  s p e c i f i c  reasons  f o r  
t h i s .  F i r s t ,  i n  t h e  l a t e r  1960's t h e r e  was a d e c l i n e  
i n  co rpora t e  and Government R&D funding due t o  econom- 
i c  condi t ions .  A t  t h i s  time. S i c  had not  cawed  ou t  
its niche i n  t h e  semigonductor device  market and thus  
was a prime c a n d i d a t e - f o r  any cutback. A second, some- 
what r e l a t e d ,  cause was t h e  d i sappea rawe  of the  small 
market where S i c  devices  d i d  have a chance t o  stake an 
impact. These were high technology a r e a s  such a s  near  
sun space missions,  supersonic  awl nrpersonic  a i r c r a f t ,  
e t c .  '&en these  markets disappeared. much ? ~ f  t h e  
i n t e r e s t  i n  S i c  a l s o  disappeared. .Finally.  t h e  f ab r i -  
ca t ior .  techniques f o r  S i c  devices  ( including growrh 
methods) d i d  not  improve appreciably  i n  t h e  tuent!. 
years  undar quest ion.  This  l ack  o f  progress  stay :.me 
been due t o  misplaced emphasis i n  device  programs, but  
t he  ne t  r e s u l t  was t h a t  t h e  f a b r i c a t i o n  techniques f u r  
S i c  dexrices improved only s l i g h t l y  i n  t h i s  time span. 

Now, whcre do we go from here?  I s e e  no v i a b l e  
market f o r  S i c  semiconductor devices  i n  t h e  near  fu- 
t u re .  Improved S i  devices.  b e t t e r  i n su la t ion .  improved 
c i r c u i t  des ign a l l  mi r iga te  a g a i n s t  any ex tens ive  use  
of S i c  devices .  This  ma; be viewed a s  an  unfor tunate  
circumstance t o  many of  us  vho were p ro fes s iona l ly  and 
emotionally involved with t h i s  i n t e r e s t i n g  m t e r i a l  
f o r  a number o f  years.  

I would l i k e  t o  thank ;ny col leagues  f o r  t h e i r  
con t r ibu t ions  t o  t h e  given data .  T a l s o  wish t o  thank 
the  Executive Committee and fe l low members of  the  
In t e rna t iona l  Committee on S i l i c o n  Carhide f o r  t h e i r  
encouragement. 
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-!Xi TO +&c 12 BIT ANALOG-TO-OIGITAL CONVERVR 

The 12 Mt omsrrlw e m d o n  A/b eon- offan 
modemtely kgh pncldon doto condon of 0 nasmt- 
able level of cost ad compldty. The ADCIWT e x i g d ~  
? h i t c a p a M l i t y o v w a ~ m g e o f  -55to+2(K) C. 
No mi&q-code parhwwe I s  mal.Mnad over the entire 
tempamhra rmg.0 f i e  converter i s  completely self-can- 
) a f d  wtth intarnal clodc md + 10 mi) reference, Figwe 1 
h r s  a blodt d i m  of the ADCIOHT. 

%me the internal D/A converter i s  dtelcchfcdly 
tmlated, there is no apt to arbho)c ledcage aqmnant. By 
e l t m f d ~  this amw rchmlsn, the usehl )ampsmhns 
mnge of the &vice ts tnaaarsd. Dielectric inlotion I s  olso 
used i n  the re- circuit o p d o n o l  apllfler br dmi lo 
raoobns. 

Althaugh the dwl tolnpador is iunction isolated, the 
eplto~ladmgeevnnhoreseconddogaeffcchmd, 
fihermore, tend to cmcd out. Another potcrtial difficulty 
in  Spolor drcvtb i s  the poor parConnamr of idaul pnp 
tmnsistws at high tempcrohm, This parh'cular compomtw 
do= not contain my Ided lruuistors. Instead, resistors m 
used for l e d  rhfftiq purposes. 

The nichrane thin film resistor netwwks are & S l i d  
a tovar~(pcmd,  hb, a r c ~ ~ e ~ a t t c m ~  
well above ZOf%, The curcnt densities hove been rdwd 
by a Factor of h horn t f m ~  densities used i n  norm01 
a~~narc fa l  pmctice to prevent e~ac)mmigmtion at 
hlgh tenpaohrre.6 

The abroluk value of red* in  the converter i s  mt 
a.tical, but mistor tracking with h'me and temperahwe i s  
very impw)mt. For this &on, critical resist& of 
different values are comprised of cqwl resistomc elamts. 
Thus, even thovgh the nddar may shift due to the otheme 

The internal 12 bit  D A converter i s  a monolithic die- anbimt comlitichs, the l i ~ ~ ~ * t y , - ~ a i n  and o f k t  of the 

lechicolly iplatd The wccessir o*.oximdon A/tl converter itself shou!d m a i n  d l e  

register (SAR) i s  a c ~ e r c i a l l y  -lc~ble CMOS chip. The 
clock md the compcraiur were dcdgned with a single MI19 
duo! compaolor made. d t h  convention01 junction isvloted 
bipolar technology. The clodr alo contoim m MOS 
capacitor chip d a nichmme thin film resistor nehrvwk chip. 
These five chips make up the bosic A/b converter. The 
reference circuit consists of o dielectrically isolated op am 
chip, zener diode and n i c h e  thin Rlrn resistor network. 5 
The ADCIOHT can be used with an e* ,mcrl+10V refcnncs, 
i f  deb-ed. 

The SAR could have been either bipolar TTL or CMOS 
since both technologies exhibit altered but useful chomct- 
erish'cs at tunpaa)ures wall above W C .  H!wevw,  CMOS 
devices offer low power dissipation, so that the tntemnf 
temperature of the hybrid c i rq i t  does not rise CIS much fmtn 
-IF-heating. Also, CMOS SAR's have better noise marghs 
than TTL devices at high tsmpemtures. 

A maior problem I) high temperature i s  that ccnrsed by 
pn j u ~ ~ t i o n  leakage o -rants. The largest of these currents 
i s  the epi to substrate current in  julctlon irolabd circuits 
due to the vay lage sizv of the iwi.4on pn junction 
relative to the device junctions. In CMOS circuftr, these 
Ieokoges are &mod to the rrtlies, and therefore, & not 

i degrade perfonnonce. Thwefore, the logic keeps wrking 
at tempemtwes up to W C .  Abow that tempmtvre, a 

L 
bur layer latch mecb.in, l n h t  to junction isvlated 
CMOS, limits the dedcm performance. 

The umver tc  i s  packaged in a convedonol 28 pin dde- 
bmzed ceranic pockage. Figure 2 shorn the placement of 
the wxious chips i n  this pocktqe, The eight chips me 
eutcaically otbched to the wbstmtt ard uhamnic wire- 
bonded to a double layer thick film substrate. The sub,- 
i s  then attoched b he hdu using a high tanpcmtwre gold 
tin prefonn. 

mmn ZENER WOE DUAL cW!FAMTQ 

A plotlnun/polladium doped thick film gold system i s  
used to minimtze purple plague. A w e  wirebond pull 
sh.engths of three gran. after 1000 hour at 2W'C have been 
obtolnd. A 1000 hour test at 251PC exhtbited only an 80% 



Connection between tl.s double loyer rubshuh and !he 
caantc bde-braxad podrage i s  mode with gold wire. The 
converter i s  hanattaolly sealed usiq a gold garnanlum pe- 
Ckmkdtadttheeertdcup. t- t 

To ensure the reliability of the convertat, all parhah 
b u m a d - t n d ~ m d 0 ~ ~ ~ a t s m i 0 0 % s u e e n e d .  Due 
b the limited life of the comeebm, the mnpadwe M n g  
ad bum-in fixtures US prfnii j circuit boadr hot posr 
t)raght)raovendoors,t)usolbwi~lanrdbwdontok 
madeatmom~gnpaohuc. ThetestJodtetsthemselvesare TlA4-- I i_ 
tem insdon ftorce types nrab of Torkn with bayliium/ 

A r-:--- 
i 

- -  Y m u  
nickel conloch. The b o d s  m mada of N o r p k R - w  

4 4  
v :  : 

polyimide with nickei piah'ng. A high*- PI& 
17-1 

mruuan~umummnllct 
with a 300°C meltiw point is used br the test bwds. 

Table 1 h w s  the iqm&mt electrical ~ . f i c o t i o m  
Ik the ADCIOHT. Figure 3 dm r lidty aror vs. con- 
vadonqwcdmdindica)asthat12bitacuaycmk 
dncd at 2ips. The CW hrqucncr can be aditntcd ex- 
kmally. 

TABLE I 

Rcrolution 12 bits 

kcwocyd&c 
Gain am: MOOS% ( o d j d e  b zero) 
Omet error: 10.B (adjustable b zcm) 
Linearityena: 10.m 

Drift (-&C , TA +20O0c) 
Gain: 115 p p r n k  
Or&t (unipoltx): *l ppnPc 
LineurIty: 10.5 

LINEARITY EAROA VS CONVERSION SPEED 

m shown in Figure 6. Differential mlili-ty i s  defined os 
the &viotion fmn the ideol o w  LSB step size. Ovaoll non- 
lincarify i s  not shown but har simi la  shift vs. time chaoctcr 

Shift in bipolar o f k t  and gain vs. time durfng ope- 
d o n  at ~ w ~ C  m show fiX three devices in  Figures 4 d 8 ! ! ! lilt 
5. Both paanctars can be odivrtad to zero initially by the 8 n a r, km- 
use of ex?smal trim resisttns. Offset in the unipolar mode i s  ~ W l R i U l Y L U l U m V & ~ ~ ) M I I R I I ~  

much less than the Mpolor shfft shown fn F lgw 4. Differ- 
ential mnlinedty shffh with the during opedon c t @C n g ~ e  6 



REFERENCES ides to tho? of diffmmdd nonlfnedty. Rgum 7 horn 
dtfhrenttd nonlincafly n. )anprahn. All pa* e 
t e td  Ck no mirdng codes o w  the bmpedum m e .  

Although the pramt design ma not idended br use 
oboe m, i t  i s  believed hot  a d v e  qgaximotion 
onalog-~o-digitd convata could be built for 3fXf'c 
oper&on with 8 bit parCkmmce. lower power cirarilry 
w i l l  re&ce peok junction tanpcmtum. Tht psmt c i d t  
did* most OF its pow* i n  the diiilol-toaalag cmMta 
drip ml b the sfaance. Both circuits could be redesigned 
to opem)a at lower supply uoltage and hence lower power. 

Although the xenex diode used in the reference exhibits 
o nonlinacr tanpenahwe coefficicat abovc +I=, accept- 
able perform--e was &ned to +200°C. At much higher 
tan-, a nonlimar z m a  t e m p o h e  coefficient 
Gapenration method i s  likely k k q u i d .  

Vay ureful ottadon must k pafd to matching of the 
intemol D to A converter's collcctorbosc imkogt Nmnts 
if nonlinacr hmdar cb- tan ' t i cs  ae to be added at high 
tan-. Although lmkoge cwenk can s t i l l  a r c  goin 
ond 09 WOK, these con be removed using digit01 tech- 
ntques. 

The CMOS high tempamhrre latch nation can L 2  

e l i m i d  by using dielectric isdotion. ?l logic 
circuihy 01x1 hos potential for use in the SAR. 
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PROCESS CHARACTERISTICS AND DESIGN METHODS 
FOR A 300' QUAD OP MP 

By: J. D. Beasom 
R. B. Patterson. 111 

Harris Semiconductor 
P. 0. B ~ X  883. Melbourne. Flor ida 32901 

There i s  a growing need f o r  electronics which 
o.3erate over the 12S°C t o  300°C tapera turn  range i n  
such applications as well  logging, j e t  engine control 
and indust r ia l  process control. This paper presents 
the resul ts o -  an IC process characterization, c i r c u i t  
design and r e  i j h i l i t y  studies whose objective i s  the 
developent at a quad op anp intended f o r  use up t o  
300°C t o  servz those r e q u i m t s .  

PROCESS CHARACTER! ZAT ION - 
4 d ie lec t r i ca l l y  i so l r ted  complementary ver t i ca l  

b i m l a r  process was chosen t o  fabricate the op amp. 
Di eliminates iso la t ion  leakage and the poss ib i l i t y  of 
latch up, two o f  the aajor  h i ~ h  teaperature sources of 
c i r c u i t  f a i l u r e  which are present i n  junction isolated 
process~s. The complementary ver t i ca l  PNP of fe rs  
s u x r i o r  AC and DC characterist ics ca~psred t o  a 
l a i - ra l  PNP allowing simpler s tab i l i za t ion  methods. 
Ths junctions are re la t i ve l y  deep (> 3u) t o  minimize 
s r a c i t i v i t y  t o  interconnect p i t t ing .  Device cross 
sec:ions are shown i n  Figure 1. 

Figure 1. &vice Cross Sections 

Characterization o f  the NPN and PNP show them 
to  be q l  t e  suitable for. use up t o  300°C, however 
certa:n parameters change dras t ica l ly  over the 
ter:l!:erature range and require special consideration 
i n  a high temperature design. Leakage currents in -  
crease t o  micro amps as shown i n  Figure 2. An 
important point i l l us t ra ted  'n t~ 2 f igure i s  the fac t  

I that ICES i s  several Limes la.  j e r  than IcBO. 
Siqnif icant, but not shown on the figure, i s  the fac t  
that the leakage curcents f o r  matched devices on the 
same chip typ ica l ly  match t o  10%. These character- 
i s t i c s  are exploited i n  the c i r c u i t  design. 

? The e f fec t  of leakage current on NPN c o m n  
m i t t e r  characterist ics can be seen i n  the 300°C 

4 
photc o f  Figure 3. The base current has been o f fse t  
by 4.5 ua to  compensate f o r  ICBO bringing the f i r s t  
trace t o  the or ig in.  This i l l us t ra tes  the base 
current reversal which occurs before 300CC. One can 
air:, observe the monotonic increase i n  hfe w i th  
temperature i n  the photos. 

V&E decreases w i th  the well known -2mVI0C slope 
t o  about lOOmv as shown i n  Figure 4. 

Figure 2. Leakage Current vs. Temperature 

RELIABILITY 

Re l i ab i l i t y  i s  a par t icu lar ly  important con- 
sideration i n  high temperature c i r c u i t  design because 
most f a i l u r e  mechanisms have exponential temperature 
dependence. Perhaps the greatest concern i s  that  o f  
interconnect r e l i a b i l i t y .  Calculations using Black's 
expression1 f o r  electromigration i n  A1 interconnect 
predict  MTF o f  greater than 4 years for the maximum 
current density t o  be used i n  the dp amp. This f a r  
exceeds the goal o f  100 hours operating l i f e .  325°C 
l i f e  tests have been conducted on A1 interconnect t es t  
structures a t  J = 3.3 x 104 AIcm2, on small geometry 
t ransistors a t  1 ma and VC? = 30V and on minimum area 
contacts t o  P t  and N t  s i l i c o n  a t  4 ma -11 fabricated 
w i th  the proposed process f o r  more than 500 hours each. 
No fa i lu res  have been observed. 

Another potent ia l  source o f  f a i  1 ure, paras i t i c  
MOS formation, i s  eliminated by iso la t ion  o f  each 
device i n  i t s  own d i e l e c t r i c a l l y  isolated island. 
This e l ie inates the iso la t ion  d i f fus ion  which can act  
as drain f o r  a paras i t i c  PMOS i n  J I  c i rcu i ts .  

- 
*Work sponsored by Sandia Laboratories, 

A1 buqueque, New Mexico - 



Figure 3. NPN C m n  Emit ter  
Character is t ics  a t  
Three Temperatures 

Figure 4. Temperature Ziendence o f  VBE 

SPECIF1CAT;'lNS 

An i n i t i a l  se t  o f  ta rge t  spec i f i ca t ions  was 
a r r i ved  at. T h y  were based on pre l iminary h igh 
tenperature device measurements and ext rapolat  ions 
from ava i lab le  data. The ta rge t  speci f icat ions a r e  
given i n  Table 1. 

CIRCUIT DESIGN 

Conceptually, c e r t a i n  things had t o  be done 
d i f f e r e n t l y  from a s i m i l a r  design f o r  the comnercial 
o r  m i l i t a r y  temperature ranges. Leakage currents  pu t  
p r a c t i c a l  1 im i ta t ions  on m.i nimum operat ing b ias  cu r ren t  
levels. Diode connected t rans is to rs  a re  unworkable 
because of low fo -~3rd  biased junc t ion  voltages. Base 
current  reverse5 Frtcause o f  increasing c o l l e c t o r  t o  
base leakages and increasing beta. This l a s t  con- 
s idet : t i on  means t h a t  the bac- voltage node f o r  s t r i n g s  
of cu r ren t  sources must have cur ren t  s i sk ing  as w e l l  as 
sourcing c a p a b i l i t y  a t  h igh temperatares. Di f fused 
r e s i s t o r s  are almost twice t h e i r  room temperature 
values a t  300°C. While t h i s  must be borne i n  mind. 
t h i s  h igh p o s f t i v e  temperature coe f f i c ien t  can be used 
t o  o f f s e t  changes i n  the forward biased junc t ion  
voltages . 

The primary b ias  c i r c u i t c o n s i s t s  of a bur ied zener, 
22, i n  Figure 5, biased bv a p a i r  o f  12- res is to rs .  
R1, and R16, going t o  the p o s i t i v e  and negative power 
supplies. which develops a current  through the 9K /L 
res is to r .  R11, and diode',. D5 and D6. through the  four  
Q l l ' s  and the four  Q20's (whose bases and emi t ters  are 
para1 l e l  bu t  whose c o l l e c t o r s  go t o  separate 
ampl i f iers) .  A hur ied zener was chosen because i t i s  
qu ie te r  than a surface zener. The temperature co- 
e f f i c i e n t s  of the  zener. the t r a n s i s t o r  base-emitters. 



and the diodes approximately cancel the temperature 
coe f f i c iea t  rf the res is to r ,  R11, keeping the current 
del i v e r ~ d  t o  the pos i t i ve  and negative current  source 
base nodes approximately constant over the temperature 
range. 

The inpu t  stage o f  the a m p l i f i e r  consis ts  o f  the 
d i f f e r e n t i a l  PNP pai r ,  Q2l and 922, along w i t h  416, 417 
and R13 (which make up a leakage current  compensation 
network) and the current  source cons is t ing  o f  95 and 
R4. ;NP devices were chosen f o r  the inpu t  p a i r  because 
t h e i r  c o l l e c t o r  t o  base leakage f s  s i g n i f i c a n t l y  lower 
than t h a t  o f  the NPN devices. R13 provides most o f  the 
c o l l e c t o r  base voltage f o r  416 and 917 whose ICBO's 
cancel those o f  Q2l and 422 t o  w i t h i n  the 1 i m i t s  o f  
t h e i r  match. The co l lec to rs  n f  421 and 922 go t o  the 
fo l lowing stage which consists of 426 and 427. 

NP!; t rans is to rs  926 and Q27 a l o t ~ g  w i t h  R18 and R19 
cons t i tu te  grounded base stages. They t rans la te  the 
signal toward the p o s i t i v e  side o f  the c i r c u i t .  The 
stago consis t ing o f  427 and R19 shie lds the inpu t  
device, 422, from the la rge  voltage excursions o f  the 
h iah impedance node t o  which i t s  c o l l e c t o r  i s  comnon. 
The c o l l e c t o r  o f  426 dr ives the current  mi:.rnr stage. 

The current  m i r r o r  consists o f  Qi, 43, ?7, 98, 
Q12. Q13, Dl. 32, 03. D4, Z1 and R3. The primary par t  
o f  the m i r ro r  consists o f  Q:, 98 and 913. 412 i s  added 
t o  make the co l lec to r  t o  hase vo l tage o f  97 equal t o  
tha t  o f  Q8. This .ernoves a small o f fset  problem due t o  
hrb ef fects  bu t  (more important ly i n  t h i s  case) 

TARLE 1 

TARGET SPECIFICATIONS AND BREASBOARD RESULTS 

Parameter Temperature L i m i t  86 Uni ts  

Of fset  Voltage 25°C 3.0 ( 0.2 mV 

300°C 6.0< -5.3 mV 
Pvq. 3 f f s e t  25°C t o  300°2 10 < 20 uV/"C 
Vol taqe D r i f t  

I n p ~ t  Bias 300°C 5 < 2.1 uA 
Current 

I n , ~ u i  J f f s e t  300°C 1.3< 3.4 uA 
Curr-?lit 

Cuin,lon Mode 25"Cto30OUC ) -+ lo  t13.9 V 
Input Range 

D i f f e r e n t i c l  25°C t o  300°C 7 < V 
Input Signal 

Co~~r.~on Mode 300°C > 60 71.7 GB 
Reject ion Ratio 

V-lteae Gain 300°C >73 71.9 dB 

Channel 300°C 7 80 dB 
Separation 

Gain ;.arll;uidth 300°C > 3 MHz 

Out,lut Voltage 25°C t o  300°C >'I0 13.7 V 
Sw21g 

Slew Rai- 300°C > t 2  V/usec 

Output Current 3OO0C 5 < mA 

Power Supply 300% 7 6 0  71.7 dB 
Reject ion Ratio 

Noise 25°C 8 < n v / f l z  

equalizes the  c o l l e c t o r  base leakages o f  97 and Q8. 
Ord inar i ly ,  Q8 and 412 would be connected as trans- 
diodes but, because the forward biased junct ion 
voltages are so low a t  h igh  tfmperatures, 02 and D3 are 
used t o  t i e  the base t o  the c o l l e c t o r  o f  Q8 and Z1 i s  
used t o  t i e  the base t o  the c o l l e c t o r  o f  912. At  low 
temperatures 02 a l d  03 are forward biased by the base 
d r i v e  requirements o f  Q7 and QS as 21 i s  reverse btased 
by the base d r i v e  requirements o f  Q12 and Q13. At h igh 
temperatures 92 and 93 supply ICES t o  folnard b ias 02 
and 33 and reverse b ias 21 as we l l  as supply the re-  
versed base current  o f  Q7 and 98 and o f  Q12 and Q13. 
Dl and 04 provide voltage drop equal t o  02 and 03 t o  
make the voltage across 42 ~nore near ly  the same as t h a t  
across 93. R3 provides most o f  the voltage f o r  93 
(and, therefore, 92). The c o l l e c t o r  o f  413 i s  comnon 
w i t h  the h igh impedance node. 

The next  stage consis ts  of a complementary p a i r  o f  
emi t ter  fol lowers, 015 and Ql8, bizsed by current  
sources cons is t ing  o f  Q6 and R5 a7d of 928 and R20 
respect ively. There i s  a lso  a ieakage current com- 
pensation network associated w i t h  each fo l lower  con- 
s i s t i n g  o f  99 and R7 f o r  C15 and QP4 and R14 f o r  Q18. 
The bases o f  415 dnd Q18 are comnon t o  the h igh 
impedaqce node. Dif ference i n  ICBO between 015 and 018 
a t  h igh temperature would be re f lec ted  t o  the amp l i f i e r  
i npu t  as an of fset .  

No special  design considerat ions because of h igh 
temperature were necessary i n  the o :~ tpu t  stage design 
which consis ts  o f  914 and Q19 dr iven by Q15 and Q18 
respect ively. 

The p o s i t i v e  and negative current  source base 
nodes remain t o  be discussed. The p o s i t i v e  node i s  set 
up by C)4 and R2. Emitter fo l l ower  Q10 supplies the 
base d r i v e  requirements o f  95, 95 and Q6 u n t i l  the 
base currents  reverse a t  h igh temperature. Then they 
are suppl ied by Cjl's ICES whose excess i s  then suppl ied 
by the emi t te r  fol lower. This excess f low ing  through 
R6 and 410 provides some c o l l e c t o r  t o  base voltage f o r  
44. ICES seems t o  be a n~ininiun o f  three times ICBO a t  
300°C so Q1 i s  made a double sized device because t h e e  
sources of ICBO (cne o f  them. 95, i s  double sized) heve 
t o  be suppl ied by i t  along w i t h  excess f o r  the e m i t t e r  
fol lower. The same considerat ions apply t o  the 
negative node which i s  set up by 425 and R17. ',23 
serves as the emi t te r  fol lower. 429 the s o u r c ~  o f  ICES 
and Q25, 926, C27 and 428 receive t h e i r  base d r j v e  from 
the node. 

BREADBOARD 

I n  order t o  t e s t  the v a l i d i t y  o f  the design i t  was 
breadboarded using f o s r  subc i rcu i t  chips made from an 
e x i s t i n g  c i r c u i t  by custom interconnect patterns. A 
schewatir o f  the breadboard i s  shown i n  Figure 6. The 
package p ins a re  designated as follows. The f i r s t  
number designates the type of package then there i s  a 
dash and the second number designates the p i n  on t h a t  
package type. Package type 1 contained the primary 
bias c i r c u i t r y .  Package type 2 contained the negative 
bias c i r c u i t r y .  Package type 3 contained the inpu t  
stage and p o s i t i v e  b ias  c i r c u i t r y .  Package type 4 
contained the c u r r  -t m i r r o r  and output. c i r c u i t r y .  

Several breadboards made up o f  packdged sub- 
c i r c u i t s  were socket mounted ins ide  an oven door, 
ex te rna l l y  connected as i n  Figure 6 and tested over 
temperature. Results are shown i n  Table 1. 



F i c r r e  5. C i r c u i t  Schematic 

Fiaure 6. Breadboard Schematic 

COMPUTER S IHULATIONS 

The computer simulat ions were done u j i n g  a Har r i s  
version o f  SPICE c a l l e d  SLICE. Problems a,-ose w i t h  
the modeis a t  300°C. 

Saturat ion current  f o r  the reverse biased diode 
i s  modeled as having a 1 inear voltage dependence 
matching the t r u e  value a t  VF = 0 t o  solve an under- 
f low pmblem i n  the computer. At 300°C IS i s  so h igh 
tha t  t h i s  approximation has the e f f e c t  o f  p lac ing a 
shunt r e s i s t o r  o f  less than IOKA across each reverse 
biased junct ion.  The problem was circumvented by 
1 -.ing a smaller v ~ l u e  f o r  sa tu ra t ion  current  which 
resu l t s  i n  the model g i v i n g  higher VBE than t r u e  value 
but  otherwise accurate ly  representing the devirc. 
Leakage current  was modeled by p lac ing a current  source 
shunted by a resis:or (is simulate voltage dependence) 
across each reverse biased junct ion.  

p red ic t  3.5 Fgiz j a i n  bandwidth. 2.6V/us slew r a t e  a t  
300°C. Sirnulilted noise a t  25OC I s  8.7 n v / m .  

A d i e l e c t r i c a l l y  tsolated complementary v e r t i c a l  
b ipo la r  process has been character ized f o r  use a t  300°C 
and been shown t o  be usefu l  and r e l i a b l e  f o r  l i n e a r  
design a t  tha t  temperature. C i r c u i t  design methods f o r  
a 3905C op amp have been developed and demonstrated on 
I C  tes t  chips snd an e n t i r e  op amp design has been 
proposld . 
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The simulat ions were used t o  set  the values f o r  
the compensation networks C1 - R8 an4 C2 - R9. They 
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ABSTRACT 

This paper describes the design and developmei~t o f  a h iqh performance hybr id  I 2  b i t  analot: t o  d i g i t a l  converter. 
which w i  l l operate re1 iab ly  a t  200'~. A product o f  t h i s  type was found t o  be necessary i n  areas such as 
geothermal probing, o i l - w e l l  logging. j e t  engine and nuclear reactor  monitoring. and other appl icat ions where 
the environment: may reach temperatures o f  up t o  200°C. This product repre--nts an advancement i n  e lec t ron ics  
as i t  prov-d the operat ion o f  in tegrated c i r c u i t s  a t  h igh  temperature, as we l l  as prov id ing information about 
beth the e1ectri:al and mechanical r e l i a b i l i t y  o f  hybr id  c i r c u i t s  a t  200°C. Because the c i r c u i t  design o f  the 
A/D converter involved both d i g i t a l  and l i n c a r  c i r c u i t r y .  t h i s  produced an opportunity t o  evaluate the 
performance o f  both technologies a t  2 0 0 ~ ~ .  I n i t i a l  mechanical f a i l u r e  modes led  t o  researching mure r e l i a b l e  
methods o f  wi re bonc'ing and d i e  attachment. The r e s u l t  o f  t h i s  work was a 12 b i t  A/G converter which w i l l  
operate a t  ZOOOC w i t h  . O j Z  l i n e a r i t y ,  I% accuracy, 350 pSec conversion time, and orlly 455mU power consumption. 
This product a lso  necessitated the development o f  a unique three metal system i n  which aluminum wire bondinq i s  
done u t i l i z i n g  aluminum bonding pads. go ld wi re bonding t o  a l l  gold areas. and employment o f  .I n icke l  i n te r face  
between gold and aluminum connections. This sytem t o t a i l y  e l iminates the formation o f  i n te rmeta l l i cs  at  the 
bonding in ter face which can lead t o  bond f a i l u r e .  

Recently the e lec t ron ics  indust ry  has been made aware 
o f  the need fot electronic components and systems which 
w i l l  operate a t  temperatures as h igh as 200°C. These 
appl icat ions include geothermal probing. o i l  we l l  
logging. j e t  engine and n r~c lear  reactor monitor ing ?nd 
other h o s t i l e  environments where the temperature {nay 
reach 200°C o r  higher. I n  some a f  these appl icat ions.  
as i n  o i l  we l l  logging and geothermal probing. i t  i s  
necessary t o  transmit data through long lengths o f  
cable which run from deep i n t o  the ear th t o  the sur- 
face. These appl i c a t  ions are where a h igh tempera- 
ture A to  13 converter becomes h igh ly  desirable. Trans- 
m i t t i n g  l o w  level  analog data over a long distance 
such as t h i s  dould be very d i f f i c u l t  without i n t r o -  
ducing s i g n i f i c a n t  extraneous errors .  Through the 
use o f  an A t o  0 converter i t  becomes possible t o  take 
outputs from s t r a i n  gauges and thermocouples, convert 
them t o  "ones" and "zeros" and then transmit t h i s  data 
d i g i t a l l y  t o  the surface. 

ADVANTAGES OF HYBRIDS 

An A t o  D converter can be fabr icated i n  many d i f f e r -  
ent forms such as a module. p r in ted  c i r c u i t  board. o r  
hybr id  c i r c u i t .  Hybrid r e l i a b i l i t y  a t  12s0c has been 
proven t o  be excel lent  through many thousands o f  hours 
o f  q u a l i f i c a t i o n  tests .  This reputat ion makes hybr id  
technology a wise choice fo r  200°C operation. A 
hybr id  c i r c u i t  can conta in several d i f f e r e n t  1.C.s i n  
one small package. which i s  advantageous i n  appl ica-  
t ions where space i s  l im i ted .  

A TO D CIRCUIT DESIGN 

An A t o  D converter proved t o  be a chal lenging 
product to  design and evaluate a t  200°C due t o  the 
fact tha t  1 i t t l e  informat ion coricerning the d i f f e r e n t  
types o f  components avd t h e i r  proper t ies a t  h igh 
temperature was ava, lable. Passive components. such 
as res is to rs  and capacitors and ac t i ve  components 
inc lud ing t rans is to rs  and in tegrated c i r c u i t s  required 
extensive analysis and evaluat ion. The f i n a l  A/D 
design employs both l i near  and d i g i t a l  c i r c u i t r y .  

I n  the design o f  the MN5700, r e l i a b i l i t y  whs consid- 
ered o f  prime importance. Two factors  that s . g n i f i -  
cant ly  e f f e c t  the r e l i a b i l i t y  o f  any c i r c u i t  are 
power and leve l  o f  complexity. Research i n  h igh 
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temperature e lect ron ics has shown that the ra te  o f  
aging. those factors that produce chanqes i n  para- 
meter o f  key components. w i l l  ap rox imatr ly  double 
w i t h  each IOOC temperature r i s e .  5 
For a hybr id  c i r c u i t  the substrate temperature w i l l  
increase as the power consumption increases. As a 
design goal the t yp ica l  subbtrate t o  ambient temper- 
a ture r i s e  was not to  exceed 10°C. The 32 p in  double 
PIP Package, selected p r imar i l y  fo r  i t s  form factor .  
has a t yp ica l  substrate t o  ambient r i s e  o f  270c /Uat t .~  
Thus t o  keep t h i s  r i s e  under IO°C, the typ ina l  
power consumption was l im i ted  tc  311 m i l l i w a t t s .  To 
reduce the complexity. as few 1.C.s were used as 
possible. 

There are several d i f f e r e n t  approaches t o  A t o  D 
conversion which are cu r ren t l y  used. The MN5100 uses 
the successive approximation method. This al lows a 
converter t o  be made using few cnmponents and has 
good charac te r i s t i cs  i n  speed. resolut ion.  and 
accuracy. A successive approx;mation A t o  0 converter 
consists of four sections, D t~ A converter, reference, 
comparator. and successive approximation reg is te r  

SAR). See Figure& Each o f  these sect ions w i  l I 
be discussed showing the design considerat ions fo r  
200°C operat ion. 

D t o  A Converter 

The D t o  A sect ion o f  the MN5700 u t i l i z e s  a vottagc 
switching R-2R ladder network. The switch i s  CFOS 
and connects each leg o f  the ladder e i t h e r  t o  qround 
o r  a reference voltage. See Figure-. A CMOS switch 
was chosen because o f  i t s  low power consumpt icm and 
evaluat ions showed i t  t o  be r e l i a b l e  at  200°C. 

Reference -- 
The reference c i r c u i t  shown i n  F i g u r e 2  consists c f  
a temperature cmpensatrd Zener diode and a die1ec- 
t r i c a l l y  iso lated op-amp. I h z  Zener was found ta be 
accurate t o  about 1Oppm/O~ from 25 '~  t o  1 2 5 ~ ~ .  From 
1 2 5 ~ ~  t o  200'~ the temperature c o e f f i ~ . z n t  iqcreased 
t o  40ppm/O~. F i g u r e 2  shoks a grann o f  zener 
voltage vs. temperature. 
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Research and evaluat ion showed that a d i e l e c t r i c a l l y  
i so la ted  op-amp was the hest choice for  ZOO°C opera- 
t i on .  Host s i l i c o n  b ipo la r  1.C.s use junc t ion  
i s o l a t i o n  between t rans is to rs .  These types o f  
c i r c u i t s  show t rans is to r  in te rac t ion  a t  200~c .3  1.C.s 
,which are manufactured using d i e l e c t r i c  isol2:;r;~ have 
the ac t i ve  areas separated by an insulat i r lg  layer o f  
mater ia l .  This reduces t rans is to r  i 7terac.t ion and 
a lso  reduces leakage current t o  the substrate under 
h igh temperature condit ions .4 

Zener Vol tage 
e 4 1  vs 

4 Temperature 
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Figure 4 

The chdnge i n  the reference voltage a t  200~: was 
fouqd t o  be t y p i c a l l y  . 2 9 .  The c i r c u i t  was evaluated 
t o  see why the change i n  reference voltage was less 
than the change i n  zener voltage. Evaluat ion showed 
that the o f f s e t  o f  the op-amp had i t s  largest  change 
between 15CDC and 200°c, as shown i n  F i g u r e 2  Th is  
change was i n  the opposite d i r e c t i o n  t o  the d r i f t  o f  
the zener. and therefore the accuracy o f  the reference 
became the d i f ference o f  the two .  

Offset Pffset 
Change 6 vs. 
v 1 Temperature 
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Figure 5 

The centra l  component c the D t o  A c i r c u i t  i s  a 
r e s i s t o r  network. The network used i s  a t h i n  f i l m  ch ip  
using nickel-chromium res is to rs  deposited on s i t i con .  
The change i n  resistance over temperature wi ! l  deter 
mine the accuracy anr l i n e a r i t y  o f  the device. An 
absolute change i n  resistance resu l f s  i n  an accuracy 
change and a change i n  r e s i s t o r  r a t i o s  w i l l  r e s u l t  i n  
a l i n c a r i  t y  change. The graph i n  F i g u r e d  shows 
typ ica l  changes i n  resistance from 2S°C t o  200°C. 
F i g u r e 1  s:~ows changes i n  r e s i s t o r  r a t i o s .  I n  order 
t o  meet design requirements o f  f l / Z  LSB t o  the 10 b i t  
l eve l ,  the reszstor r a t i o s  must t rack t o  b e t t e r  than 
2.05% from 25OC t o  200°C. 

The t h i n  f i l m  r e s i s t e r  ch ip a lso  has the advantage o f  
being a c t i v e l y  laser trimmed. This r e s u l t s  I n  an A t o  
D which w i l l  meet a l l  spec i f icat ions without any exter-  



na l  adju:;tmcnts. Any external  components added 
would be another source o f  e r r o r  when ra ised t o  200%. 
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Figure 7 

Comparator 

I n  most hybr id  A t o  D converters, the comparator i s  a 
s ins le  I . C .  chip. These are usual ly  b i p o l a r  devices. 
Tests done on most ava i lab le  b ipo la r  1.C.s indicated 
they were not the most re1 iab le  choice f o r  200°C 
operation. This i s  due t o  the problems o f  junct ion 
i s o l a t i o n  prev ious ly  stated. Because o f  \ i s .  a 
comparator was designed using a d i e l e ~ t r i ~ ~ l l y  i so la ted  
op amp and d isc re te  t rans is to rs  which operated re- 
l i a b l y  a t  200'~. 

Successive Approximation Resister 

The SAR used i n  t h i s  design i s  a CflOS I . C .  This was 
chosen because o f  the good charac te r i s t i cs  o f  CflOS a t  
h igh temperatures and the low power consumption. CflOS 
1.C.s have been constructe which were funct ional a t  
)OO°C f o r  over 1000 h r ~ r s . ~  Uhi l e  leakage current on 
CflOS devices operat ing a t  2 0 0 ~ ~  may be large when 
compared t o  +2s0C operat ion, t h e i r  volt;-e thresholds 
do no t  change appreciably. Thus devices operated from 
low impedance sources work very re1 i a b l  y a t  2 0 0 ~ ~ .  

ELECTRICAL TEST RESULTS 

The f i r s t  prototype u n i t s  were evaluated f o r  confor- 
mance t o  the 200°C specifica'.ions. Test r e s u l t s  show- 
ed that  these performed as expected. These u n i t s  were 

then put on a 203'~ burn- in  w i t h  frequent m n i  t o r i n g  t o  
observe changes o r  s h i f t s  that occured. A f te r  approx- 
imately 25 hours, large s h i f t s  were seen i n  l i n e a r i t y  
and accuracy. The cause o f  a s h i f t  such as t h i s  i n d i -  
cated a chacge i n  res is to rs  o r  s change i n  the outpui  
resistance o f  the switches. The par ts  were burned-in 
longer and catastrophic f a i l u r e s  were seen. Visual 
inspect ion showed tha t  go ld b a l l  bonds were l i f t 1 ~ 3 g  
o f f  o f  the a!uminum pads on the I . C .  chips. 

BONDING FAILURES 

The bonding f a i l u r e s  which occured a t  the aluminum/ 
gold in ter face arose from the formation o f  an i n t e r -  
m e t a i l i c  compound at  t h . ~ t  po in t .  As the time a t  h iqh  
temperature increases. these compounds do not e x h i b i t  
s u f f i c i e n t  mechanical strength t o  insure bond i n t e g r i t y .  
As a resu l t ,  t t ~ e  bonds have a tendency t o  break and 
cause dn o w n  c i r c u i t .  

CEVELOPMENT OF HETALlZATlON SYSTEN 

I t  was concluded that the most r e l i a b l e  hybr id  could 
be fabricated i f  a l l  w i re  bonding was done to  s im i la r  
metals. This was a problem hccause ava i lab le  I . C .  
chips use aluminum boading pads. whi le the substrate, 
res is to r  chips, and posts have gold bonding areas. 

To accomnodate t h i s  bonding schcne, a substrate was 
needed w i t h  both gold and aluminum bonding areas. 

T= Metal-Metal izat ion Process 

In order t o  construct the type o f  substrate described, 
i t  was necessary t o  use three metals - gold, alumir.um, 
and r i c k e l .  The gold i s  used for  conductor runs and 
bonding areas, and the aluminum i s  used on ly  f o r  bond- 
ing areas. a t  the 1.C.  chips. The aluminum bonding 
pads s i t  on top o f  gold pads, but have a layer s f  
n i cke l  i n  betweeta the gold and aluminum layers t o  act  
as a d i f f u s i o n  bar r ie r .  which e l iminates the formation 
o f  i n t e r n e t ~ l l i c  compounds. 

Figure 8 depicts the major process steps. S t a r t i n g  w i t h  
a wholly meta l l ized A12 O3 ceramic p l a t e  (Fig.&) a 
gold conductor pat tern i s  def ined using standard photo 
l i thographic  and etch ing techniques (Fin. 8b). Next 
a n ickel  layer and an aluminum layer  are vacuum depos- 
i t e d  (Fiq.8c). F ina l l y .  the aluminum pads are formed 
by se lec t i ve  removal o f  unwanted f i l m  (Fig. 8d). 
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The prccess st .os,  th icknesses, and ma te r i a l  s e l e c t i o n  
have been chcsen on the bas is  of  c o m p a t i b i l i t y  w i t h  
present f a b r i c a t i o n  techniques, as w e i l  as perforlnance 
c r i t e r i a .  

Au/Ni /AI Subst r a t e  Eva1 ua* 

For eva lua t i on  purposes, a subs t ra te  was made which 
had a p a t t e r n  a l l ow ing  go ld  and a l ~ r ~ ~ i n u m  w i r e  bonding 
t o  be done between p ins  o f  a h y b r i d  package. Connec- 
t i o n s  were made which c o r ~ s i s t e d  o f  26 bonds (13 w i res )  
between p ins  O F  the package. The bonds rons i s ted  o f  
aluminum w i r e  on go ld  pa&., aluminuln w i r e  on aluminum 
pads, g o l d  w i r e  on aluminum pads, and go ld  w i r e  on 
go ld  pads. The aluminum pads were deposi ted on go ld  
us ing  a n i c k e l  b a r r i e r  as descr ibed i n  the  prev ious 
sect ion .  The res i s tance  was measured between the p ins  
o f  the  package a t  var ious  i n t e r v a l s  o f  2 0 0 ~ ~  bake. 
Th is  measurement inc luded the bond res is tances along 
w i t h  the  r e s i s t ~ n c e  through the aluminum/nickel /gold 
i n t e r f a c e .  F igure  9 shows a graph o f  change i n  
res i s tance  versus time a t  200°C f o r  the f o u r  d i f f e r e n t  
bond i n te r faces .  i t  can be seen t h a t  the best 
r e s u l t s  a r e  obta ined when bonding i s  done between 
s i m i l a r  metals.  
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Tests have shown t h a t  u n i t s  w i l l  opera te  r e l i a b l y  and 
remain w i t h i n  200°C s p e c i f t c a t i o n s  i n  excess o f  
500 hours. Beyond 500 hours.  some u n i t s  w i l l  e x h i b i t  
a slow s h i f t  i n  l i n e a r i t y  and accuracy. This appears 
t o  be caused by r e s i s t o r  ag ing and changes i n  the  
c h a r a c t e r i s t i c s  o f  the CMOS switches i n  the  D/A sect ion .  
L i f e  t e s t s  have shown t h a t  most u n i t s  r?main w i t h i n  
s p e c i f i c a t i o n  i n  s r c t s s  o f  1000 hours. Tests have 
a l s o  shown t h a t  mcst ca tas t roph i c  f a i l u r e s  and u n i t s  
w i t h  l a rge  s h i f t s  w i l l  show up i n  the f i r s t  24 hours 
o f  ope ra t i on  a t  200'~. To he lp  assul-c. r e l i a b i l i t y ,  a11 
u n i t s  a re  tes ted,  burned- in f o r  2: hours a t  200°C, and 
re tes ted.  

A1 1 200°C s p e c i f i c a t i o n s  are  a l s o  yuaranteed a t  -55OC. 
The MN5700 i s  a v ~ i l a b l e  w i t h  h igh  r e l i a b i l i t y  screening 
according t o  MI L-STD-383 f o r  M i  1 i tary/Aerospace 
Appl i c a t  ions. 
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WIREL'SS, IN-VESSEL NEUTPON MONITOR FOR 
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Abst rac t  

An experimental  w i r e l e s s ,  in-vesse l  neutron moni- 
:or i s  being developed t o  measure t he  r e a c t i v i t y  of 3n 
advanced breeder r e a c t o r  a s  the  co re  is  loaded f o r  t he  
f i r s t  time t o  prec lude  an  acc iden ta l  c r i t i c a l i t y  i n c i -  
dent.  The environment is  l i q u i d  sodium a t  a  tempera- 
t u r e  of %220QC, wi th  n e g l i g i b l e  gamma o r  neuLron 
r ad i a t ion .  Witli u l t r a s o n i c  t ransmiss ion of neut ron 
d a t a ,  no fundamental l i m i t a t i o n  has  been observed a f t e r  
t e s t s  aL 230'; f o r  >ZOO0 h. The neutron s e n s i t i v i t y  
was %1 count/s-nv,  and 'he p o t e n t i a l  da t a  t ransmiss ion 
r a t e  was %lo4 counts /s .  

An experimental  in-vesse l  monitor was der igned and 
f ab r i ca t ed  and is  being f u r t h e r  developed t o  ultras::. 
i c a l l y  t ransmit  r e a c t i v i t y  d a t a  from advanced breeder  
r eac to r s .  Since such r e a c t o r s  have p o t ? n t i a l l y  high 
r e a c t i v i t y  co re s ,  t h e i r  i n i t i a l  fuel-?oading ope ra t ion  
w i l l  r equ i r e  c a r e f u l  s u r v e i l l a n c e  a s  t he  co re  i s  loaded 
t o  preciude an a c c i d e n t a l  s r i t i . t a l i t y  i ~ ~ c i d e n t .  

i n  in-vesse l  neut ron t ~ , . e c t o r  i s  p re fe r r ed  to  an 
ex-vessel  decector  because i t  i s  c l o s e r  t o  t he  f u e l  
elements and i s  not  sh i e lded  by b lanket  assembl l rs .  
Tbus, da t a  from an in-vesse l  d e t e c t o r  a r e  rcceived a t  a 
g r e a t e r  r a t e  (up t o  lo4  coun t s / s  f o r  i h i s  model) an2 
a r e  more e a s i l y  i n t e r p r e t e d .  Also, wi th  an  in-vesse l  
de t ec to r .  the  neutron source  required  t o  make the  s tb -  
c r i t i c a l i t y  measurements can be reduced i n  s i z e  and 
poss ib ly  e l iminated .  

A w i r e l e s s ,  completely remote in-vesse l   detect^: 
can be located  a t  any co re  p o s i t i o n ,  g iv ing 1-1uch 
g r e a t e r  v e r s a t i l i t y  t o  t h e  measurements. In  add i t i on ,  
t h e  w i re l e s s  d e t e c t o r  does r o t  need expensive i n s t r u -  
ment thimbles and does not  i n h i b i t  the  motion of t u e l  
handling equipment. 

The in-vcsse l  environment f o r  t h i s  i n i t i a l  s t a r t -  
u:l monitor is  l i q u i d  sodium a t  a  temperature s ~ f  about 
220°C. No e x i s t i n g  neut ron monitor has t he  w i re l e s ,  
c a p a b i l i t y  and adequate s e n s i t i v i t y  f o r  t h i s  appl ica-  
t i on .  The experimental  model descr ibed he re in  has been 
succes s fu l ly  t e s t e d  a t  230°C f o r  >ZOO0 h. 

11. Wire less  Neutron Monitor Concept 

The cu r r en t  concepc of t he  w i r e l e s s  neutron moni- 
t o r  syatem is sh(-m i n  r'ig. 1. I n  the  sodium-fil led 
r e a c t o r  ves se l  ( - 6  m diam x 18 m h igh ) ,  the neutron 
monitor is  posi t ioned i n  t h e  r eac to r  Lore region wi th in  
a  dummy f u e l  element. The u l t r a s o n i c  t r a ~ ~ s m i t t e r  is 

PERI'OHATED 

U L T R l S O Y l C  
TRANSY I S I O N  

Not To Scale 

Fig. 1. Concept of a  w i re l e s s ,  i n i t i a l  core- 
loading neut ron monitor f o r  an zdvanced breeder r e a c i o r .  

mounted a t  the top end of the  dummy element where i t  
can t ransmii  s i g n a l s  along an unobstructed path thrc- gh 
the  s o d i ~ n  t~ a  r e  Ivt r  which is a l s o  immersed i n  the  
sodium. 

A diagram of t he  ins t rumenta t ion  .s shown i n  
Fig. 2. A f i s s i o n  co,lnter s enses  thr neut rons ,  and the  
r e s u l t i n g  e l e c t r i c a l  pu l se s  ; re  processed by a  pu l se  
ampl i f i e r  ~ n d  a  bandpass f i l t e r  with s ingle-pole  upper 
and lower cut-off  f requencies  (RC-CK f i l t e r ) .  Elec- 
t r o n i c  noise  and a lpha  pile-up no i se  a r e  r e j e c t e d  by a  
d i sc r imina to r .  ?he d i sc r imina to r  output p ~ l s e s  t r i g g e r  
a  d r i v e r  c i r c u i t  which e x c i t e s  a  2  MI..? ceramic c r y s t a l  
t o  c r ea t r  an u l t r a s o n i c  b ~ r - ; t  f o r  each nzutron pu l se  
~ u c e e d i n g  the d i sc r imina to r  threshold  l e v e l .  The 
primary e l e c t r i c a l  power, which w i l l  be devivcd from a  
r ad io i so t -p i c  t . ~ r m o u l e c t r i c  gene ra to r ,  is  .ransfor. . .  
by a  dc  G- conver ter  t o  p o s i t i v e  and negat ive  10 V 
l e v e l s  t o  b i a s  t k  f i s s i o n  coulr ter  and t o  d r i v e  the  
a c t i v e  c i r c u i t r y .  

The to t11 qu ie scen t  powrr cf t h e  instrument-: ' -n 
a t  a  temperature of 239 '?11r  %O.i6 W with a  dc-dc con- 
v e r t e r  e f f i c i e n c y  of . .(. . Pl~e u l t r a s o n f ~  d r ' ve r  is  
expected t o  r e q u i t e  - 0  : G .!t an output  pul-e r a t e  of 
104 counts /s .  I5n  ; . ,-.,I .;r?urce requirement is  8 .0  V 
a t  1.1.6 W. 

A.  F i s s ion  Coanter 

* A commercial f' &ion  counter  (Reu te r -S tok~s  model 
Resezrch sponsoled by ' -  Division of Reactor ASN-1OA) wifh a  4-mm e l e c t r o d e  spacing,  ;000-cm2 of 

Research and Technology, U.S. Department of Energy sensitive a re? ,  and a  300°C maximum ope ra t ing  tempera- 
under con t r ac t  W-740'-eng-2G k i t h  tr.e Uniorr Carhidm t u r e  was s e l e r t e d  f o r  our u,r. These ntrlres were 
Corporation. r equ i r ed  f o r  our  s p e c i a l  a p p l i c a t i o n ,  thr a v a i l a b i l -  

t* i t y  of thr  cour. ter  e l imina t ed  a  c o s t l y  in-house f a b r i -  
Department of E l e c t r i c a l  Engi;.zering, Univers i ty  c a t i o n  p: , gras .  However, some s p e c i a l  a l t r . r a t i o n s l  

of Tennessee, Knoxville. were needed t o  ensure  adequate  performance (vol-tage 



Fig. 2.  Block diasram of Lhe instrumentation. 

saturation. cullcctior? time. and ratio of fission pulse 
amplitude t-7 alpha pile-up) at a iimited counter bias 
of 10 V. 3esr ~lteratldns iccluded an electrode cast- 
ir.~ of higlily enri~hed-'~~~: (93.6X) and a gas-'illing 
of .lr-9-01: 502 a t  %lo' Pa of absolute pressure. 

This mdule2 processes signals from a fission 
counter with a:& electron collectior. time near 1.0 LS. 
Tile inptt: nmpii f ier is vcrl -age sensi t!\ c. To achieve 
inpct bias stability at teizperature, tb.e input resistor 
is 20 k.. maximum. I'hi. -*.;istor value, coupled with 
the :ill pF cou.~ter ca .ze. determines t!le input 
inteyatioo time consc ~td a significant fraction 
of the input noise ?f tile pulsc amplifier. 

The transducer will contain a PZT-5A ceramic 
crystal similar to that used by the Hanford Engineering 
Development Laboratory (HEDL)' in their under-sodium 
viewing systems. It is attached to the transducer 
face-plate vith either a Pb-Sn-Ag solder alloy or a 
high temperature epoxy. Both have been successfully 
tested. 

The transducer is driven by two VMOS transistors 
in parallel, vith the pover being obtained directly 
from the primary pover source. A 2.5-UF Teflon capaci- 
tor is currently used as an energy storage element to 
reduce the rippie on the primary power source. 

'the crystal impedance is integrated into a reso- 
nant tank in the drain circuits of the \%OS transistors. 
t\ step-up transformer wound on a high-temperature 
f a  rite toroid reduces the amplitude of the voltage 
pulses cin thd drain circuitry. 

D. DC-DC Cot. lerter 

The dc-dc converterS is an astable mu~tivibrator 
that drives an n-channe; VMOS switch (tvo in parallel) 
in a dual-coil switching regulator. A dielect-icallp 
isolated. KC, differential operational amplifier in 
-onjunction with a 6.9 1' Zener diode {an emitter-to- 
base junction of a Dionics DI3424 dielectrically iso- 
lated transistor) senses the positive 10 V output 
variations and adjusts the off-tiue of the W03 (on- 
time is fixed). Integrltion in the operational ampli- 
fier determines the dominant  pol^ of the forward loop. 
Tke astable circuits comprise dual. dielectrically 
isolated. pnp and npn transistors. Intersil IT137 inc . . 

Two u~her gain stages. tach w i t h  a voltage gain 0: Ii ' " ?  

~ 1 6  per stage, produce output pulse5 in the range 11f 1- 
1-3 \' amplitude. A bandwidth of 5 %z per s-age is 
more than adequate to sspliCy the voltage pulse devel- 
oped at the input. 

Capaciti-re couplin~ between scages .liminates dc 
instability problems. One coupling time- ronsrant 
dete-sines the hinh-pass freguencv of the filter; the 

The coil is a high-permeability, silicon-steel 
trroid vith a Curie temperature of 730°C and is woun3 
with 30 gaupe. Teflon-ins~rlated copper wire. The 
switchiw, frequency is c60 kHz, and 10-uF el~ctrolptic 
cap.3citor.s reduce t' , ripple co cceptab'e value 
for a total load o ;  12.5 ~4 fo. n positive and 
negativz 10 \' output. 

- 7  . - 
lnd-pass response is controlled by integralion in the 
oatpct stage. The internal. drain-substrate, p-n junction dicde 

of n-channel IXOS transistors are used as rectifiers. 

A rnonoscable nulri~ibrator-discriminac~r generates 2?O0C, the forward drop is 0.3 V, with a leakage 

a logic pulse of 5.6 7 ampiitudr and 5 us vidth for current of ~ 2 0 0  a,\. and a reverse voltage of 60 V. 

each amplifier ~ulse that exceeds its threshuld. 

Except for two diodes ar3 a 1-XR, thin-film E. Frimary Power Source 

resiscor chip in the discriminator, the entire circuit 
is fabricated around four. dielect-ically isolated, IC, 
d~iferential operational amplifiers. Harris rvpe 
lM2625. One of these amplifiers vith appropriate 
positive feedback consricutes thr mnostable multivi- 
braior-discrimir.ator c~abination. 

Because of its ruggedness and proved performance 
in numerous space problzms. a radioisotop=c generator 
is being considered for the primary power source. 
P:utonium as 23S~,,203 is rt;_ 'eat generator, and 
silicon-germanium forms tt/ tnermocouple junctions. 
The liquid sodium serves as the "cold leg" of the 
generator system. For an electr~cal power output 

C. Esrasonic Transmi= reqr*irer;c.nt of ~ 1 . 5  W. a heat source of -.I25 Wch is 
c*~nsidered adequate. Contracts are bri lrp nr-pared for 

From an analysis of the syscemB3 a 2-mz carri'r Lhe procurement this 

f :quency vith pulsed modulation was judged to be ,&st 
p,*.er efficient for the ultrasonic, data transmission 
process. Witk an asslmption that the receiver band- IV. Hybrid Thick-Filr Circuits 
vidtb must be 200 kHz to obtain the maximum da rate. Fabrication Details 

s2CO a~/m? of -eceived signal pover is required to 
yield a signal- tr - < : r  pwer ratio of >loo. This 
assumes an acou;c.. wise power density of +10 dR 
refer w e d  to 10. iL W/m2-HZ. To create a transmitted 
beam having a cylindrical waveiront vith this intensity 
at ?k m. nearly 70 mW of pulse .rower is repired io 
allow for losses in the transmitter drive circuit, the 
crystal transducer, and the liquid-sodium signal trans- 
mission pptk. 

The AFD circuit and the dc-dc converter are fabri- 
cated with thick-film technology on 51- by 51- (2- by 
2-in.) bnd 32- hv 32-nm (1.25- by 1.25-in.), 965 
aiumina substrates, respectively. FigureL: 3 and 4 are 
photographs of these two thick-film circuits. The ..FO 
circuit (Fig. 3) was operated at temperat~lres near 
230.C for nearly 2800 h. The rtallizatio~~ is gold 
(Du Pont 9910). The thick-film resistors are screened 



Fig. 3. Photograph of t k  ~plifier-filter- 
discrimiwtor hybrid thick-film circuit (after 2800 h 
at -230.C). 

Fig. 4. Photograph oi the dc-dc cvcverter hybrid 
thick-film circu~t. 

from the Du Pont 1600 Birox series. All semiconductor 
chips are attached dith a silver-filled epoxy (Ablcstik 
71-1) for .electrical attachment to the substrate or 
vith an insulating epoxy (Ablestir; 71-2) i,.r isolatioi. 
Electricd connectfons betvcen chip and substrate meral- 
1:zations arc uado with 25-,a-diam (1.0 mil! aluminum 
-0.5% osg?rsium vire hg rlltrasrn{c handing. A i r  bond:: 
tc the gqld vtallizntion aie mer:~anicaiiy reinforced 
with an epoxy, either .blest:k 71-1 3r Eoo-tek P-77. 
Ceraric covers and a protective semiconductor coating 
(DorrCorning R6100) are both used to pro~rct areas cf 
the circuit containing the active elements. 

The capacitors contained in these two c1rcuic.s are 
monolithic. ceramic capacitor chips vith 50- to 100-V 
ratings. The bypass and decou~ling capacitors were 
forred from a high-dielectric-constant mterial (X7R). 
but filter and compensation capacitors vere formed from 
a a r e  stable, low-dielectric material (NPO). A %old- 
germnium alloy solder (360.C np) uas  used to make 
electrical connections to the capacitor chips and to 
the external vires of the substrste using a reflou 
technique. Later, a parallel-gap uelt!er was obtained 
to make the external connections wi:h a 25- by 500-us 
(0.001- by 0.020-in.) nickel ribbon. 

V. Description of the Experimental Wnitur 

The experimental mnitor is shovn in Fig. 5 .  Its 
rwnstruction does not represent the construction that 
would be used in the prototypical monitor. Instead. it 
was designed to Lacilitate data taking and to accomao- 
date mdifications and Improvements as they became 
apparent during the testing progras. From left to 
right in the figure is the fission cuunter wrapped in 
an electrically insulating Teflon Jacket to protect the 
shell or th-,counter. vhich is ziaiatained at a negative 
10 V biasing potential. followed by thr A m  module. the 
dc-dc converter. and the transformer for the ultlnsonic 
transmitter. At the extreme right is an oil-filled 
test chamber vith a transmitter and receiver crystal at 
opposite ends. The entare system is munted on a high- 
temperature. princed circuit bozrd !Du Pont Ppralin) 
with a small number of discrete resistors ('addock) and 
ceramic capacitors (San Fernando Electric). The resis- 
tors, capacitors, and the hybrid thick-film ai~dules 
w r e  attachcd with 90: lead-10Z tin solder. A test 
pulse, dc and pulse mnitor piints. oil drain and fill 
tubes, and thermocouples are all brought out of a 
flanged end of the assembly. The entire assembly, 41.0 
m (40 in.) long, is installed in 2 cvlindrical enclo- 
sure. giving a pressure tight containwnt for an inert 
cover gas. 

1'1. Test Results and Discussion 

The results of the temperature tests of the exfer- 
imental =nitor are susaarize4 in Table I. The per- 
formance of the solid-aluminmi electrolytic capacitors 
vas poor, a result not expected based or. previou. work 
in high temperature electronicz6*' and on prr1ia:narv 
tests. Preliminary cests were made in air up to 275's 
for trundreds of h~urs. shoving only a slight degrada- 
tion of perfortnancc?. The cause of :be capacitor fail- 
ures is believed to be outgassing f r m  oil that lea~ed 
out of the ultrasonic test c'-aaber. The oil inirislly 
used in ti?e tests possessed ~rade~uat- high-triperature 
properties. Also, the high porosit; of the printed 
circuit bard material orevented an aden* ..e clean up 
of the test assaibly. 

hra failures of aluminum uire bonds at the gold 
metallirstion of the dc-dc converter vere the first 
experienced after nearly 300 successful bonds on otlrer 
hybrid circuits. This failure rate is not considered 
excessive at this L'ie, and no changes in our bonding 

:edures are planner: 

Integral bias response: obraind. for two measure- 
rants at -23uwC and covering I tire span of nearly 1600 
h ahov only slight diffrreqces. Projeccio-r of the 1.0 
countis noise curve thre:hold to the neutrorl curve 
s h w v  an s75X counting efEicirncv for the mnitor. 



Fig. 5. Pilotograph f the experimental wireless. initial core-loading nett: -on monitor (externally powered). 

Table 1. usmary of perforl;lr 6-e of 
netttrn~\ monitor components - - 

Cc~ponenr Hours at 23U°C Perfomnce 

Fission couoter 2400 .%re than 
adegua te 

AFL, nod.~le 2800 ,td\doqua teL' .. 
K-IiC con-ierter 3%- ~dequate" 

Ultrasonic 
transmitter 

Norc than ? 

7200 adequate" 

Sol id-aluminum KO t 
electrolytics 176' adqua teZ 

Printed circuit 
board, with dis- 
crete resistors 
and ceramic ?lore than 
capacitors 2800 zdequa te 

,.--- - - -  . - -  - - - 
b y -  P - 

Fig. 6. Conceptual sketch of the cylindrical 
ultrasonic beam generatqr. 
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4. R. U. Smith and C. K. Day, Bigh Temperature 
L'ltn-soxic Tnmsdacers for In-Scdit ,~ Service, 
HEDL-THE 75-21 (January 1975). 

5. E. J. Kennedy. 1. V. Blalock, S. Centher. 
P. Mukund, and H. Orrick, Resaa-ch i n  Remote 
Sz$i7 %nsm~sstol: EZectronics, Reaors 11, 
ORNL/Sub-768517. Univ. Tenn., Knoxville. Elec. 
Eng. Dept. (Octoher 1. 1980). 

6. D. U. Palmer, "Hybrid Nfcrocircuitry for 300.C 
Operation," presented at the 27th Electronic 
Components Conf.. Arlington, Virbinia, May 16-18. 
1977. 

7. b. W. Palmer and R. C. Heckntan, "Extreme Tempera- 
ture-Range Ni~roe:ectronics." IEEE Truns. 
Z ~ ~ o n e n t s ,  ilybrids isrd MTg. Fecknol., CW-l(G), 
(Decembe: 1978). 

Acknowledgments 

W. L. Kelly of the Departmen- of Energy (RRT 
Division) is acknowledged for his interest and encour- 
agement for all phases of the wtk. C. M. Smith and 
C. C. Guerrant are also thanked for their assistance 
in the fabrication and testing of rie e-rperimental 
monitor. 



SOLID STATE MlCROELECTRONlCS TOLERANT 
TO RADIATION AND HIGK TEMPERATURE 

Bruce L. Draper and David W. Palmer 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

Abstract 

The nuclear and space inaustries require 
electronics with higher tolerance to radiation 
thdn that currently awilable. The recently 
developed 3 0 0 ~ ~  electronics technolor~y based 
on JFET thick film hybrids was tested up to 
10' rad gamma (Si) and 10'' neutrons/cm . 
Circuits and indivi-iual components from this 
technoloqy all survivsd this total dose 
although some devices required 1 hobr of 
annealing at 200 or 300'~ to regain function- 
ality. This tedhnulogy used with real time 
annealiyq sl~ould function to levels greater 
thaii 10 rad gammz and 10' ' n/cm2. 

The need for high temperature electronics 
in -sny fields has be tn amply defined in the 
past.' Recent events suggest an Xgently 
needed technology extension: temperature 
radiation hardex~ed microelectronics. The 
salient applications are nuclear reactor 
instrumentation and space probes. In pai-ticc- 
lar, instrumentation within he containm-nt 
structure of a nuclear power plant must 5s 
capable of withstanding a peak of 200'~ and a 
total of 2 x 10' rad gamraa dose during a 
40-year plant lifetime followed by a ioss of 
coolant accident. Additional temperature 
and radiation resistance is needed fox monitors 
placed within the reactor vessel over the 
lifetime of the power pl~nt: 3 2 ~ ~ ~  with 
5 x 10' rad gamma and 10"n/cm2 near the vessel 
top and 350'~ with 10" rad gamma and 10"n/cm2 
closer to the fuel assembly. Intense ralia- 
tion belts near Jupiter and the Sun demand 
enhanced radiation tolerant electronics in 
certain extended space missions. Although 
critically dependent on xbit parameters, a 
dose of 10' rad over one year nay be absorbed 
by a Jupiter satellite. Radiation levels 
elsewhere within the solar system and inter- 
stellar space are expected to be relatively 
low; however, the accumulated dose fcr long 
missions can easily excesd existing electronic 
tolerances. 

Typical tolerances for present electronics 
are 2 x 10' rad gamma and 10"n/cm2 for 
commercial h brids and ICs, and 10' rad gamma 
and 10'*n/or for specially fabricated or 
selected rad hard devices (Harris, for 
example). The numbers in Table I are somewhat 

gamma dose alone have not beerl common. Also 
because of the weapon orientation of most 
radiation-electronics tests, the interaction 
of operational temperature and sustained 
irradiation was rot investigated. The recent 
developme.~t of circuitry aperat ional to 300' c 
opens the possibility of real time annealing 
at high radiation levels. 

Table I 

@4220r)~8S Gama Neutrons Temp. *\ (ra, si) , C ~ - ~ I  ( O C )  

Consumer 2x10b 1c12 85OC 

Military 
Hardest 10' 10" 125'~ 

Thick Film/ 
JFET :.loy >lo1= >300°c 

The components and hybrid circuits ctiosen 
for this initial investiga2ion were from 
Sandia's high temperature circuitr.: develop- 
ment. There are two basic ideas behind this 
choice: Cirst, co maximize tC2 rate oE 
annealing the oy.-rational tzinperature must be 
as high as possible, and secondly, several 
main failure modes are initiated both by 
elevated temperatcrc and radiation (ion mobil- 
ization, lattice and chemical reactions\. 

We will discuss both gamma and neutron 
tests. Each sectLon will briefly describe the 
radiatioa facility and the effects on passive 
cosponents, active components, and hybrid 
microcircuits. 

Two facilities for gamma irr~diation were 
used. Both used Cobalt 60 (1.17 and 1.33MeV 
photons) with dose rates of 1.7 and 4.3Mrad 
(Sil/hr. respectively. Both sources generated 
enough heat to raise the sample temperature 
by about 15'~. Interactions between gamma 
photons and a steel liner between the weaker 
sovrce and the sanple chamber creatc6 some 
Compton electrons which also had measurable 
effec" on the devices. 

arbitrsrv since diffszent degrees of device Passive 
parameter degradation are possible in 
different circuits. Passive compor.ents were tested in the 

weaker source with no biasing during irradia- 
Most radiation tes's on electronics to tion. At 5 mints during exposure, the samples 

date have been motivated bl nuclear weapon were removed, tested, and rea,rned for more 
applications. These tests therefore predomin- radiation. The components were exposea for a 
antly involve pulses of fast neutrons and X- total of 800 hours or 1.36 x 10' rad g a m a  
rays, with a gamma dose that is only incidental (Si). 
to the neutrop presenze and usually less than 
10' rad. Therefore, tests involving large 



Thick film resistors in tt.e 500 and 900 
series of Cewalloy and axial lead units from 
Caddock were found to change less than 0.1\ 
during this exposure. This constancy was 
somewhat surprising due to positive drifts 
seen in earlier tests' and attributed to 
Compton electron bombardment. 

The high temperature capacitors tested 
were: Philips solid aluminum electrolyte, 
K&D Kica, Erie red cap, and several thick 
film dielectrics (TFS 1005, ESL 4515, ESL 
4301, Cermalloy 905HT). Most capacitor 
systems tested remained functional throughout 
the test (ESL excepted) but all showed some 
change in capacitance and degradation in 
dissipation factor and insulation resistance 
(Figures 1 and 2). The best performers were 
the discrete mica and the 500'~ thick film 
fcmulation 9015HT. The ESL thick film 
dielectric systems that showed considerable 
change and instability due to exposc e were 
returned to near pretest parameters by a 1 
hour bake at 3 0 0 ~ ~ .  Capacitance and dissipa- 
tion factor were measured at 0.12, 1, and 
10KHz. Insulation resistance was measured at 
10 volts, with the reading being taken 15 
seconds after voltage application. 

5 10 
WSf ( 13? rad) 

Fig 1. Opcitance Chenge with knra bse 

Active 

To test the effects of gamma radiation on 
p-n junctions at various tempera*.ures, 24 
liodes were exposed at a dose rate of 4.3Mrad/ 

hr. (Si) for 23 hours, yielding a total dose 
of -1 x 10' rad (Si). The diodes were grouped 
inta 3 modules, each containing 2 gallium 
phosphide, 2 galliun arsenide, 2 low minority 
carrier lifetime (gold doped) silicon, and 2 
high lifetime silicon diodes. The thick film 
hybrid modules were then heated to 50, 175, 
and 3 0 0 ~ ~  respectively. During most of the 
test one of each type of diode at each 
temperature was AC biased. Each diode was 
monitored periodically for reverse leakage 
current, forward resistance, reverse break- 
down voltage and sharpness of reverse 
breakdown. 

In general radiation effecfs were minimal. 
Measured hotocurrents were negligible P (<16uA/cm ) for all devics. AC biasing had 
no measurable effect on diode performance over 
the span of the test. Low lifetime diodes 
(GaAs, Gap, and gold doped Si) displayed 
little or no change in characteristics over 
the 23 hour test; Powever, the high lifetime 
silicon diode reverse leakage current 
increased appreciLbly. This effect was, 
presumably, caused by degradation of minority 
carrier litetime (increase in gerieration rate) 
due to lattice imperfections created by gamma/ 
silicon interactions. A control group of 
identical high lifetime silicon diodes aged 
for 24 hours at 300'~ without radiation was 
found not to show this increase in leakage 
current, indicating that the effect was not 
caused by junction poisening due to unwanted 
diffusion at elevated temperature.' 

In another experiment, several types of 
n-channel silicon JFETs (Motorola 2N4220 and 
214391 series) were exposed at room temper- 
ature to a gamma dose rate of -1.7Mrad/hr. 
(Si) up to 1.36 x lo9 rad (Si) total dose. 
The tr~nsconductance and IDSS vs. accumulated 
dose for a typical transistor are plotted in 
Figure 3 .  Cutoff voltage, VGS ~ f f ,  remained 
essentially constant for all transistors 
during the test, indicating that carrier 
removal effects were minimal. However, trans- 
conductance (and IDSS) decreased monotonically 
for all devices, an effect most likely due to 
a reduction of carrier mobility in the channel 
Both gamma photons and Compton electrons could 
have created the lattice damage necessdry for 
this phenomenon to occur. 

Figure 3. Motorola 2N422LA JFET 
Parameters va. Total Dose 
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Because of the layout of the gamma test 
facility used in this JFET experiment, it was 
impossible to study the simultaneous effects 30 . 
of radiation and elevated temperature. - 
Instead, the devices wers znnealed for 5 - 5 m i n  ~ZPC Annea l  
minutes at 200'~ after a total S5se of 
1.36 x 10' rad was reached. As Figure 3 
shows, 100% recovery was obtained with respect 
to gm and IDSS. This indicates that extremely 
high total doses (>lo1' rad) may be tolerated 
by JFETs if accompanied by moderate heating, 
as expected in a loss of coolant accident. 
It should be noted that devices held below 

1 2 3 4 5 6 1 8  

30'~ for several weeks after irradiation 
REVERSE VOLTAGE 

showed no annealing. 

Hybrid Figure 4. Diode Neutron Irradiation/ 
Thermal Annealing Behavior 

Tests were also performed on a simple 
hybrid microcircuit containing ii JFETs and 
3 thick film 500-series Cermalloy resistors. 
Circuit performance did not change throughout 
the test (1.36 x lo9 rad total) . The same An interestinq and, as yet, unexplained 
technology used for this circuit is employed phenomenon was discovered in another phase of 
in the complete line of Sandia's geothermal this experiment. While attempting to anneal 
high temperature instrumentation, including the neutron damaqe by icjecting forward 
voitage regulators, V/F converters, pulse current across the p-n junction, it was found 
stretchers, and  multiplexer^.^ that short applications (sl minute or less) 

actually caused an increase in revers? leakage 
Neutrons current. This increase c>ulu, in turn, be 

lnnealed by subsequent heat treatment. Non- 
The neutron tests have not been concluded irradiated parts did not exhibit this effect, 

as of this writing. A puked reactor with a and currests applied for much longer times 
fast neutron product was used. The pulse is initiated thermal at.r\ealing. While the exact 
about 70psec lung and exposes the samples to mechanism behind this behavior is not certain, 
approximately 3 x 10"n/cm2 during each pulse. it is thought that charge trapping in gamma 
This source also produces sample irradiation induced states in the pasrivation layer near 
of 6 x 10" rad gamma for each 10"n/cm'. the edge of the junction may play an important 

role. (As mentioned previously, the neutron 
Passive facility also has a significant gamma output.) 

If this is the case, a similar effect shoula 
Initial exposures of 7 x 10"n/cm2 were be .:-'+rrl or. gamma irradiated devices. This 

used in order to inCuce only a small change in experiment is still in the planning stage. 
passive component parameters. As in the case 
of gamma tests, the resistors remained stable. Neutron effects on JFETs used extensively 
This is in agreement with previously reported in Sandia's high temperature circuits 
investigations.' Although sever31 capacitors (Motorola 2N4220 and 2N4391 series) were 
showed slight changes in dissi:,ation factor examined in another set of exiierirnents in 
due to this neutron flux, they were all which the devices were i~radiated to a level 
circuit functional. The extreme tolerance of of -7 r 10"n/cm2. As can be seen in Table I1 
these components suggested an on oin test drastic changes occurred in transistor 
series which will reach 1017n/cmP. & with characteristics. In most cases the magnitude 
gamma tests the source time and cost may of V G S , ~ ~ ~  increased markedly (average %8%), 
eventually necessitate extrapolation to higher indicating carrier removal efLects werc 
expo ures. occuring. Transconductance and IDSS decreased 

by more than an order of magnitude. Partial 
Ace ive annealing was obtained after 1.5 minutes at 

2 0 0 ' ~ ~  with on1 slightly greater annealfng 
To study the effects of neutron irradia- x effected at 300 C. The relatively slow 

tion and thermal annealing on diode reverse recovery confirms the fact that, unlike 
leakagc~ ccrrent , severcl silicon dioces (all ths simple defects created-by y photons and 
TRW SAiSii) were exposed to 10'*n/cm. . The Compton electrons, neutron damage is adli- 
results of thermal annealing runs on one tionally composed of more stable cluster 
particular (but typical) diode are shown in defects. It is interesting to note that, at 
Figure 4. Unfortunately, pre-irradiation each temperature used in the annealing 
data was not available for these early tests, experinlents, recovery was extremely slor after 
but measurements made on a non-irradiated 2 minutes; even when the device was held at 
control group yielded 25'~ leakage currents temperature for periods of up to an hour, EO 
ranging from 5.5 to llnA at -16 volts, with fui-ther improvement was evident. An increase 
most values in the 6 to 8nA range. As can be in temperature was required to effect further 
seen, recovery of the reverse characteristics anneal-ng. While operation at high 
is initially rapid but nat complete. Similar temperature may provide the simultaneous 
effects were noted for JFETs. ?he higher annealing necessary for operation <n high 
temperatures within the reactor vessel (the neutron fluence environments, it is doubtful 
only anticipated application where significant that JFET operation will curvive levels much 
neutron fluences would be encollntered) may above 1U"n/cm2. 
imorovcz annealing. 
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Table 11 probes may demand the CMOS technology which 
is now used for similar reasons in weapons. 

Analysiis by other researchers 
has indicated that CMClS should not necessarily 
be discarded for use in extremely high 
radiation environments, as long as elevated 
temperature provides some annealing of the 
trapped charge in the oxide.'*' Detailed 
experimznts along these lines are planned for 
the near future. Although the CUOS technology 
has not been addressed in this report nor 
extensively tested at these high radiation 
levels, it is important to note that at least 
two solid state microel~ectronics options exist 
which have capability to the highest radiation 
levels expected for nuclear reactor and spacr 
needs. 

. 
PRE TEST 

7 ~ 1 0 ~ "  nlcm 

A N N E A L :  
1.5 min@2000C 

A N N E A L :  
11.5 min@200cC 

A N N E A L :  
11.5 min@200°C 
+10 min 6300°C 

A N N E A L :  
11.5 min@200°C 
+80 m i n  @300°C 
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1.15 

1.24 

(1.36)  

1.15 

1.13 

1.14 

The same hybrid circuit which saw 1.3 x lo9 
rad gamma was exposed to 7 x 10"n/cm2. After 
a 5 minute. 200'~ post exposure atlrleal the . 
circuit f\.nctioned normally. 

It is clear from these initial tests that 
the traditional limits ascribed to solid state 
electronics in radiation environments can he 
vastly exceeded. For example, the thick 
film/JFET technology with no modifications to 
its high temperature £ o m  can survive more 
than 10' rad (Si). The quick annealing of 
passive and active devices at 200'~ strongly 
suggests that operation to 10'' rad is 
possible, a level exceeding any application 
now envisioned. Annealing effects seen in 
diodes and passive components after neutron 
exposurz also demonstrzte the enhanced 
radiation tolerance possible by high tenper- 
ature operation. The JFET response to neu 
trons defines the extent of radiation 
possible with this hybrid rechnology. 
Additional rests with high tesperature opera- 
tion duzing irradiation up to 10"n/cm2 are 
necessary befor3 the circuitry tolerance to 
neutron flux ca.. be ascertained. This limit 
is projected as well above 10'~n/cm~, however. 

gmfmu)  

evgS '-0.2 

2.00 

0.20 

0.80 

0.84 

1.08 

1.09 

This investigation is only the first 
step toward ultra high rad electronics. 
Several programs must follow. For example, 
the development of JFET ICs will allow 
increased complexity and reliability. During 
the next year, hybrid protorypes of a control 
rod position sensor and a containnent vessel 
pressure monitor will be fabricated and 
tested to the appropriate radiation level. 
Device tests will. be expanded to include 
bipolar traiisistors, Op amr 1, I ~ L  micro- 
processors, and MOS struct~rss. 

I , , ~ ~ ( ~ A )  

1.160 

0.073 

0.360 

0.362 

0.439 

0.488 

Although this thick film/JFET technology 
appears suitable for reactor instrumentation 
in both the containment and reactor vessels, 
power and vol~une restrictions on space 
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HIGH TEMPERATURE LS1 
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Syracuse, New York 13221 

Post Office Box 4840 

Summary 

The General Electric Company has been bv+Aved 
in developing Integrated Injection Logic ( I ~ L  ) 

tech ology for reliable operation under a -55% to 
+300VC, temperature range . Experimental measure - 
meats indicate Wit an 80 mv signal swing i s  av'lilable 
a t  300°C with 100 HA injection current per gate. In 
addition, modeirng rt ;d t s  predict how large gat" 
fan -ins can decrease the maximum thermal ?pera - 
tional limits. These operational limits and the long- 
term reliability factors associated with device metal- 
lizations are  bling evaluated via specialized test 
mask. 

The correct functional operation of large scale 
integrated circuits ir. a -55% to +300°c temprature 
environment for long periods of time will provide 
substantial immediate benefits f ~ r  digital jet aircraft 
engine control and geothermal or  deep fossil-fuel 
well logging. Most .?ommerciaLly available LS1 tech- 
nolo@e; are  inoperable or suffer long-term instabil- 
ities u d e r  these conditions. 

introduction --- 
There is no inherent reason why silicon bipolar 

devices will not cperate at +300°C for extendeu 
periods of time, provided the circuit has been prop - 
erly designed to tolemte leakage currents in that en- 
vironment. A calculation using extrapolated diffusion 
coefficients for aluminum in silicon (the worst-case 
dopant) at  5 0 0 ~ ~  indicates that p-a junctions would 
not move appreciably in 1990 years. However, other 
contaminants such a s  gnld ;; copper not con~monly 
desired in unlimited quantities have difiusion coeffi- 
cients at least ten 0rder.r of magnitude higher. In 
addition, the metal interconllcction system on the 
chip's surface must provide good ohmic conract and 
resist the effects of electro~n'r : ation. This paper 
w i l l  report on the effort at a ral Electric to devel- 
op reliable high-t~ mnprat~ .egnted circuits. 
That work has been and is i - . sed on both the design 
of silicon bipolar derices and th\: metallization sys- 
a em . 

SILICON I"L. -DEVICE DESIGN CONSIDERATIONS 

The operatima1 limits of 1 ~ 1 .  gates at high tern - 
peratures may be described by a variety of methods. 
Measurements of r2,ig-oscillator propgation delays 
a s  a function of current and temperature provide a 
direct indication of the operating regions with unity 
fm-in but do not provide any informati011 on noise 
margins. 

o r  one input (see Figure 1). Voltaqe measurements 
s t  the point between the gates a r e  V a  of the second 
gate's NPN transistor, with a zero input by ths switch 
and VSAT on the first gate collector with a one input. 

2 Figure 1. Measurement Method for Deterrrining 1 L 
Voltage %ins. 

Figure 2 plots the measured base-emitter for- 
wain-biased voltage drop ;or a gate input and the NPN 
collector satu-?ation voltages for a gate output a s  a 
function of temperature. During operation, the P N P  
injection forward biases the NPN base-emitter junc- 
tion and, with the collector conducting, a low (zero) 
logic level is supplied to the following stage. The 
collector sinks injection current intended for the fol- 
I ~ u ~ i n g  stage, bringin!? its input voltage down to the 
VSAT level of the collector. This turns off the fol- 
lowing stage, producing a high (one) output-logic 
level. 

50 Ian ~ s o  20n 250 3w 

A second method of determining I ~ L  operating Figure 2.  Measured NPN Base Emitter Voltage and 
limits enables an evaluation of the noise margin and Collector Saturatian Voltage versus 
signal swing. Two 1 2 ~  gates are connected in series Temperature 
with the first ~ 0 ~ e c t e d  to a switch to provide a zero 
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The effect d the vo::lge-swing margin may be 
observed from the data presented in Figure 2. The 
VBE for 100 PA injection current is about 550 mV at 
aborlt 125% and steadily decreases with rising tem- 
peratures to about 200 mV at +300°C . The VSAT for 
a 100 pA injection increases to a 120 mV level at 
this same temperature, resulting in a voltage noise 
margi 1 , ~ f  80 millivolts. The voltage noise margin 
may be obtained for Pie complete operating region 
from the difference between the voitages at  similar 
injection currents. 

Figure 2 indicates that signal amplitude and 
noise margin can be improved by increasing the in- 
jection -current density. 

appreciable fraction of the in:octeS; ;e current in 
the I ~ L  gate at lower temperature. The effective 
gain is forced to less than one. This also imposes a 
design rule on the gate fan-in for r given gate to per- 
form correct logical operations a t  some specified 
temperature and injection current. 

HIGH TEMPERATURE METALLIZATION 

The productiun of a stable, highly-reliable metal- 
lization system is equal in importance to the silicon 
gate design in the production of high-temperature L a .  
The metal system chosen for the high-temperature 
applications is platinum silicide/titanium-tungsten/ 
gold. 

A third method of determining I ~ L  Uiermal op- 
erating regions is provided by the digital effective 
gain, which may be measured or calculated by com- 
puter modeling techniqlles . The effective gain is 
defined a s  

collector current sinking capability 
'eff = base current removed from gate input (1). 

1 2 ~  logic signals wil l  propagate a s  long as  the digital 
effective gain is greater than one. The mechanism by 
which the effective digital gain decreases at high tem- 
peratures is through collector leakag? . The total 
leakage currents in all the OR-tied collectors (fan- 
in) connected to a gate input rob that gate of :-ome 
fraction of its injected base current and thus its 
collector-current sinking capability. This phenom - 
enon is observed in Figure 3. A s  the fan-in is  in- 
creased, the total collector leakage renloves an 
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Figure 3. Modeled Temperature and Gate Fanin 
Influences on Effective Digital Gain 

Platinum silicide forms stable ohmic contacts to 
silicon, and gold was chosen for its ability to inter- 
face easily the chip to the outside world. Howe ?r, 
unlimited gold diffusing into the silicon would seri- 
ously affect device performance, and silia- .n diffusing 
into the g ~ l d  metallization can produce reliability 
problems due to the creation of voids. As a result, 
a thin titanium-tungsten barrier metal system is em- 
ployed to separate those materials. 

Verification of high reliability metallizations and 
silicon devices require accelerated aging to com - 
press time scales to reasonable durations. Since 
most failure mechanisms in integrated circuits are  
temperature dependent, an activation energy may be 
obtained for the dominant failure modes. A reaction 
rate or failure rate may then be predicted at various 
other temperatures by the Arrhenius equation: 

However, activation energies determined from high- 
temperature testinb .nay be invalid if a phase change 
has occurred. This is 2 problem that provides ron- 
siderable complications in producing high reliability 
circuits for 3000C operation; these circuits must be 
accelerated-life tested at temperatures above 350°C. 

An independent test mask was designed for metal- 
lization evaluations. The mask consists of a repeti- 
tion of the 190 x 186 mil master cell shown in Figure 
4 .  The master cell is divided by scribe lanes into 
four separable chip types. Each chip, therefore, 
'ias an area of 95 x 93 nuls. Within each chip are  
two different test element cells. Cells Al, A2, A3, 
A4, B l ,  B2, and B3 re metallization test element&. f The final cell is an I L active test circuit. 

The metallization test cells vrere designed to in- 
vestigate the electromigration effect on the thin rnetal 
layer a s  a function of the metal linewidth and metal 
line s y  :mg at elevated temperature. The electro- 
migra dn effect could eventually cause metal-line 
runoff and resulting open circuits and short circuits 
between separated metal lines. The metal test ele- 
ments were designed with a four-point probe capabil- 
ity to enable precise measurements to be made in 
order to detect effects of electromigration long before 
catastrophic failure. 

The test elements were also designed in a man- 
ner that enables ohmic contact resistance to be accu- 
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Figure 6. Photograph of the B3 Metallization Test 
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CONCLUSIONS 

Integrated Injection Logic is a viable approach 
for large-scrle integrated circuits that will tolerate 
300°C. Silicon I ~ L  gate designs have been shown to 
be operable a t  these temperatures. In addition, a 
high-temperature barrier-metallization system has 
been chosen and an evaluation mask designed. Initial 
s t ress  test results are  encouraging, even thouch the 
metallization system has not been optimized. 
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HIGH-TEMPERATURE COMPLEMENTARY METAL 
OXIDE SEMICONDUCTORS (CMOS) 

John D. McBrayer 
Division 2i17 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

The theory on which silicon (Si) metal 
cxide semiconductors (MOS) technology is 
founded states that this type semiconductor 
will perform adequately at 300'~. High 
temperature tests conducted on commercially 
available MOS field effect transistors (FETj 
have confirmed this hypothe~is.'-~ In this 
report, we present the results of an iaves- 
tigation into the possibility of using CMOS 
technclogy at Sjndia National Laboratories 
(SNLA) for high temperature electronics. A 
CMOS test chit* (TC) was specifically devel.cped 
as the test bed. This test chip incorporates 
CMOS transisiors that have nu gate protection 
diodes; t)-.se diodes are the major cause of 
leakhge in commercial devices. 

We decided to use CMOS technology beca~ise 
both n- and p-channel devices could be eval- 
uated. We also looked at small-scale inte- 
tration, e.g., an inverter using C W S  junction 
isolation and a simulation of dielectric 
isolation. 

Theory and actual data have been compared 
bef~re.~ In this paper we intend to repoLt 
on the aging and stability of CMOS devices; 
especially where requirements call for minimal 
drift bhen subjected to 300'~ for 1000 hours. 
This drift must be less than that in devices 
taken from room temperature to 300'~. 

Physics 

From semiconductor physics, the following 
generalization :an be made: 

. As temperature j ncreases , the 
Fermi level moves toward the middle 
of the band gap, causing the built- 
in potential to decrsase, thereby 
decreasing the threshold voltage. 

As temperature increases, the band 
91p narrows, causing a minor increase 
in the intrinsic carrier concen- 
tration, (ni) . 

.Carrier mobility decreases with 
increasing temperature, causing 
transconductanre to decrease. 

Increasing temperature increases 
leakage of generated and diffused 
currents. 

*The more the doping, the greater 
the variation in threshold voltage 
as temperature increases. 

The zero temperature coefficient 
point occurs at higher gate 
voltages as the doping is increased. 

The overall transconductance decreases 
rapidly as temperature and doping 
increases. 

With these generalizations in mind, we made 
the process variation listed in Table !. 

Table 1 

Proccscinq V a r I r l t l $ E  
---A - - > - - - - 

S u b a t r a t c  P s  1 1  

1 .O -1.- -cm n - t y p e  Bore? 60 4-V 1x10" 

-5x1015 cm" : J ~  i 4 x l 0 ' ~ c . r - '  

5 .B -1.2rcm n- type Boron 60 kcV 2x10" 

- 5xl0'~crn-'  N* ; 4xl0"cm-' 

7 - 2  - .4n-cm n-type Boron 60 kcV ~ x l f l ' . ~  

- :x1016crn-3 N~ ; 2xl0"crn-~ 

9 . 2  -.4n-cm ?-type Boron 61 kcV 2 x 1 0 ' ~  

-2x10'~crn-'  N~ ~ z ~ o ' ~ c n - '  

These variations are adjustments of the 
various doping levels that compose the MOSFETs, 
and they require many trade-uffs in electrical 
performance, making optimization difficult 
(Tables 2 and 3). Table 2 shows that, 
although wafer 1 produces symmetrical gat? 
voltaqes, leakage and transconductance lrc -y 
greatly between the two channels. Wafc 9 
performs well in leakage and voltage but not 
in transconductance. 

All wafers except .o. 5 performed as 
predicteci by theory. The anomaly of wafe:.- 5 
remains unexplained. The tables show the. 
average values derived after subjecting the 
wafers to 300'~ for 1000 hours. Threshold 
voltages for the surviving devices are within 
*O.lV of those listed in Tables 2 and 3; 
1.eakages are within f5pA of those listed in 
Table 2, and 25pA of those in Table 3. 
Accordinq to theory, the following pattern 
should appear. 

For wafers 1 and 5, p-channel data ,hould 
be similar. 

For wafers 7 and 9, p-channel data should 
be similar. 

For wafers 5 and 7, n-channel data should 
be similar. 



Table 2 

TC-1 Process Camparison at 300°C 

Average Leakage Average Gate Voltage (VG) 9 10M Average Tranaconductance 
(PA) (mmhos ) 

Wafer n-Channel p-Channel n-Channel p-Channel n-Channel ?-Channel 

1 12.41 18.85 1.45 -1.45 0.45 0.24 

Table 3 

Average Leakage Average VG @ 100 p A  
(PA) 

Average Gm (mmhos 

Wafer n-Channel p-Channel n-Channel n-Channel p-Channel p-Channsl n-Channel n-Channel p-Channel p-Channel 

1 2 80 460 1.54 1.55 - .79 - . 78  1.10 1.07 1.82 L.75 

- -- - - - -  - - - -- - - 

TC-4 Proce-s Comparison at 300°c 

The tables show that, except for wafer 5, the 
theory and the actual data generally agree. 

The guard-ring, junction isolated CMOS 
process is quite clean and uses Qss, Nst 
reduction rechriiques and otter schemes to 
reduce oxide contamination. '-" For example , 
by annealing with N2 we decrease Qss, 2nd by 
annealing with H2 we decrease Nst. Careful 
and clean processing decreases sodium and 
potassium contamination. The circuits were 
metallized with standard aluminum lpm thick, 
and standard p-glass passivation was used over 
the metal. The components were packaged in 
a ceramic, 16-pin fiat pack. 

Stability 

Although we will not discuss all the 
parameters tested, as an indication of 
stability, we will discuss data for gate 
voltage dt 10uA (TC-1) and 100pA (TC-4) , and 
leakage currents. 

To determine gate voltage, each transistor 
was measured separately. The source and sub- 
strate were connected to ground, and the drain 
was connected to an 8-7 source. The voltage 
on the gate was slowly increased until lOuA 
was measured between source and drain; this 
voltage was recorded. The ~ 0 p A  value includes 
the reverse lpakage current from drain to 
substrate but not from p-well to n-substrate. 
In all data obtained, 10pA was not erceeded in 
the gate vcltages neasured for TC-1 (10pA) or 
for TC-4 i100pA) . See Table 3. 

Leakage Current 

The leakage currents discussed are drain- 
to-source channel leakage, drain-to-substrate 
reverse bias leakage, and p-well to n-substrate 
leakage. They were measured blth the tran- 
sistors connected as a CK3S inverter. With 
one transistor biased strongl: on, we then 
measured the current that ,'re cther transistor 
allowed to pass while it is turned off (Figure 
1). Thus, we have a worst case measurement 
for leakage. In all cases, leakacs was small 
enough (IL < Ids) to allow the semiconductor 
to remain useful in actuzi circuits. 



f o r  a given geometry and Pre  less temperature  
dependent than  lower doped dev ices .  Fur the r -  
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L 1 a complementary mode; t h a t  is, when aye 

"x,r, t r a n s i s t o r  is  on, t h e  o t h e r  is o f f .  T h i s  !s 
7 1 -L h e l p f u l  f o r  r e l i a b r e  high-temperature pe r fo?  - - - p+J mance because it a l lows  both d e v i c e s  t o  go  

d e p l e t i o n  y e t  s t i l l  perform a g i \ = n  d i g i t a l  
f u n c t i o n  ( F i  3ure 1) . There fore ,  w e  can  l e a v e  

P-WELL ' \ t h e  t h r e s h o l d  v o l t a g e s  c l o s e r  t o  ze ro  than  when 
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Q, 
t h o  d e v i c e s  must remain enhancement a t  ~ O O ~ C ,  
making h igher  speed d e v i c e s  p o s s i b l e .  Wafer 

N' 3 has  n o t  been d i s c u s s e d  because of  i ts  
unexplainablL behavior .  

Ficrure 1 

Measurenent of  Leakage 
Cur ren t  f o r  n-Channel 

(1) Drain t o  Source Leakage 
( 2 )  Drain t o  p-well Leakage 
(3 )  P-well t o  n - subs t ra te  Leakage 

I n  a l l  c a s e s ,  w e  determined t h a t  t h e  n- and 
p-channel d e v i c e s  were reasonably s t a b l e  and 
f u n c t i o n a l  excep t  f o r  wafer 5 which remains 
an unexplained anomaly. 

Wafer 9 demonstrated good s t : a b i l i t y ,  low 
leakage,  and e reasonab le  VG a t  10pA on both 
t h e  n- and p-channel d e v i ~ e s .  TC-4 d a t a  
suppor t s  c h i s  f i n d i n g  b u t  has  an o r d e r  of  
magnitnde i n c r e a s e  i n  l eacage  because of  ~ t s  
l a r g e r  s i z e .  

I n v e r t e r s  -- 
Dat? from t r a n s i s t o r s  cc-inected s 

i n v e r t e r s ,  show t h a t  they  w i l l  p ~ r f c - r n  aa a 
s iual l -scale  i n t e g r a t a d  c i r c a i t  (SSIC) a t  1- ~h 
ternpgratures f o r  extended p e r i o d s  of  t lme 
(300 C f o r  1000 hours ) .  

I n  t h i s  t e s t ,  we measur,:d ;he o u t p u t  
v c l t a g e  w i t h  t h e  , n p u t s  a t  1.51 ( 1 ' ~ ~ )  and 3.5V 
(VNH) o b t a i n i n g  f u n c t i o n a i  i t y  and n o i s e  :,tary In  
parameters.  

IDN and IDP 

Simulated dielectric i s o l a t i o n  i n v e r t e r s  
showed s i m i l a r  t r e n d s  b a t  wi th  a v a s t  improve- 
ment i n  l eakages .  T h i s  makes a n i g  d i f f e r e n c e  
i n  n o i s e  margin . , - - , I  a b s o l u t e  temparature  
o p t i m i z a t i o n .  

Many trc'r' .-c?.ts &re necessa ry  t o  determine 
t h e  b e s t  wi: ' ,ui ld high-tern3ei ~ t u r e  CMOS 
c i r c u i t s .  ' I  . C  g r i n c i p a l  parameters  t h a t  mur+ 
vary a r e  dopi-ig p r o f i l e s  and s i z e ;  ox ide  
g rowt i  and o v e r a l l  c l e a n l i n e s s  make t h e  c i r c d i t  
p o s s i b i e .  

P rocess  (Doping P r o f i l e )  

Judging from t h e  r e s u l t s  of t h i s  s t u d y ,  
d3ping p r o f i l e s  l i k e  t h o s e  o f  wafers  7 and 9 
a r e  b e s t  f o r  h igh- temperature  use.  Appl ica t ion  
is ex'xemel y import-ant because we must: know 
what i s  expected from t h e  c i r c u i t  b e f c r e  t h e  
r i g h t  p rocess  i s  found. I'ar example, wafer  9 
(r.' zub @? x 1016 cm' and p-well NS %3 x 10" 

cm") might appear  t o  be t \e  b e s t  c h o i c e  f o r  
high-temperature e l e c t r o n i c s  --- it > a s  goo? 
symmetry, e x h i b i t s  smal l  v a r i a t i o n  wi th  
temperature ,  and has  reasona.3le d r i v e  c u r r e n t  
c a p a b i l i t y .  Hcwever, i n  some a p p l i c a t i o n s ,  it 
may have t o o  high a t h r e s h o l d  v o l t a g e  and t o o  
low a breakdown v o l t a g e  (%12V). Thers fo re ,  
depending on t h e  c i rc i~i ts  used, i n c r e a s i n g  
t h e  doping t o  i n c r e a s e  t h e  temp-rature range 
of  t h e  CMOS Goes n o t  a lwayi  ; ioducc  an i d z a l  
c i r c u i t .  I n  f a c t ,  some e l e c t r i c a l  r e q u i r e -  
ments may make it i n p o s s i b l e  t o  devel-7  a high- 
tcl , .perature c i r c u i r  by us ing  s i - . i con  , _ a n a r  
t e ~ h n o l o g y  . 

Geometry 

!ih?l. d e s i g ~ i n q  t h e  mask set f o r  high- 
+ r , m n e r a t ~ r e  c i r c u i t s ,  we must i n c l u d e  s e v e r a l  

With t h e s e  Lests  we determined t h e  d r i v e  c o n k i d ~ r a t i o n s  n o t  necessa ry  when d e s j  gning 

c u r r e n t  c a p a b i l i t y  of t h c  n- and p-channel room temperatnr  . c i r c u i t s .  For example, of  

dev ices  when hooked t o g e t h e r  a s  an i n v e r t e r .  major importa i -e  is  t h e  fact: t h a t  t h e  ar-a  
between t h  p-well and t h e  n - s u b s t r a t e  n u s t  be 

Resu l t s  a s  small rs ::nsc-.t:e t o  c?ecrease r e v  ' r s e  
leakaco.  2.1i s ~neans t h a t  each n-channe 

The d a t a  f o r  i n v e r t z s  show thar: a l l  t r a n s i s t o r  sbsu?d h a t e  i ts  cdn p-we?.:. The 
p r i c e  f o r  +-his 1s ?n . n d e s i r a b l e  inc re .  ,!? i.1 processes  were functions; a t  300" a f t e r  1000 the silicon area. ~ O L - s .  I n  a l l  c a s e s ,  d r i v e  cu:rrents decreased 

wi th  i n c r e x i n g  temperatures  a,s t h e o r i z e d ;  The r o b i l l r y  of  h o l e s  and e l e c t r o n s  c u r r e n t  i s  l o s t  t o  grocnd thrgugh s e v e r a l  dec reases  w i t h  i ~ c r e a s i n g  te.nper~lt-re b u t  n o t  leakage p a t h s  (I 'igure 1) a s  temperature  a t  e x a c t l y  t h e  Sam? rate .  However, t h e  r a t i o  i n c r e a s a s .  of Z/L n-ch-lnnel t o  Z / L  p-channel should l-- 

J ~ d y l n g  from t h e  d a t a  ob ta ined ,  z t e r e  t h e  same a s  i n  r o c a  ~ e m p e r a t u r e  c i r c u i t s  t o  

r 2 e n ~  t o  be no o u t s t a n d i n g  advantage i n  one keep t i le c i r c u i t s  t ' f - ~ p l e m e n t a r y .  Keeping 
t h e i r  r a t i o  t h e  dame a s  i n  rocm temperature  p rocess  over  t h e  o'her. There should be nose  circuits seem" be a good comfromise. 

dynavic t e s t i n g  t o  determine t h i s .  The d ? t a  
do sugges t  t h a t  d r i  c u r r e n t s  f o r  t h e  h iyhcr  
doped d e v i c e s  (wafer 9)  a r e  17 > r e  symmetrical  



Fbr high temperature circuits, the area 
from the drain to the substrate junction 
should be as small as possible to decrease 
reverse leakage. Thin is accomplished by 
horseshoeing the Z/Ls, thereby increasing 
circuit density -- this method is already in 
comaaon use. 

To make high-temperature circuits lore 
reliable, metal lines should be as broad and 
deep as possible, again sacrificing chip area. 

Conclusions- 

Existinq CMOS technology can be used to 
produce stable and useful circuits that oper- 
ate at 300'~ for 1000 hours. This accomplish- 
ment, however, sacrifices some chip area and 
does not provide gate protection. For this 
latter problem, hign-temperature GaAs and- 
Gap diodes should he developed as protection 
devices. Although these diodes would probably 
be outside the CHOS cbip, they could be part 
of the same flat pack. 

Dielectric isolation CMOS would be a 
great improvement over junction isolation and 
work has begun in this area. New solar cell 
diodes show promise as input protection 
devices. This would allow us to be completely 
integrated again. 
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ABSTRACT 

Sodilrrrsulfur c e l l s  a n  an a t t rac t ive  e lec t r i c  energy 
storag- f o r  long service, i n  strong enviroment. 

State o f  a r t  i s  given. I b re  than 200 Uh/kg c e l l s  have 
teen tested. The tMMl range o f  mrk ing  temperature i s  
550 - 750' F. Self-discharge i s  qui te nonexistent f o r  
months i n  operation. 

Technical basis for expecting an operating range up to  
1 000. F under high pressure atmosphere are given. Pos- 
s i b i l  i t ies  to  adapt size and characterist ics to  pa r t i -  
cular  interplanetary mission are discussed. 

1) - OPERATION AND TECHNOLOCY OF THE S001UCI-SULFUR CELL 

Figure 1 i s  a schematical view o f  a sodim-sulfur ce l l .  
The sodim. which i s  the negative pole, i s  inside a 
6-alumina glove finger. 0-almina i s  a ceramic having 
the property o f  t ransi t ing Na+ ions ; i t  i s  therefore 
a so l id  electrolyte. Outside the 0-alumina glove f inger 
i s  located the posi t ive electrode which i s  formed from 
sulfur held i n  a graphite-fibre conducting netwrk.  
The *hole i s  enclosed i n  two steel containers. separii- 
ted e lec t r i ca l l y  frw each other by a ceramic insula- 
t i ng  r i ng  a-alumina. 

The c e l l  i s  wnufactured i n  the charged condition. Ou- 
r i n g  discharge, the s o d i u  passes through the so l id  
e lectrolyte i n  the f o m  o f  Na+ ions and reacts wi th 
the sulfur while giv ing o f f  polysulfides. 

For the operation to be correct, i t  i s  necessary for 
the reagents, sod iu ,  sulfur, polysulfides, to m a i n  
l iquid.  For that, the temperature must be greater t h n  
500' F and preferably close :o 650' C. 

The c e l l  may be recharged and so operate as an accunu- 
lator, able t o  e f fec t  a large nuber  o f  successive 
chargfng cycles. But fo r  that, the sulfur-graphite 
electrode u s 2  have special properties which are obtai- 
ned through c a p l a  and eiaborate manufacture. However, 
even the primary sodim-sulfur c e l l s  are capable of 
being p i r_ t i a l l y  recharged and c f  operating for  a long 
time as .in accumulator, but wi th a capacity o f  only one- 
t h i r d  of the n o ~ l  capacity. 

The openc i r cu i t  voltage i s  2.08 volts. The pract ical  
operating voltage my be chosen between 1 v o l t  and 
2 vo l ts  depending on the power and on tire discharge 
conditions. 

Sulfur and 
.. sraghbte tell 

2) - STATE OF THE ART 

The pr incipal  technological problems have been resolved 
during recent years. 

I t  was a question o f  : 

- the manufacture o f  the so l id  e lec t ro ly te  

- soldering o f  the so l id  e lec t ro ly te  t o  the 
insulating a-almina r i ng  

- perfect ly t i g h t  sealing o f  the steel contai- 
ners on the a-alunina r i n g  

- the manufacture o f  the su l fu r  electrode 

- and d i f f e ren t  other pract ical  f i l l i n g  problems 
and sealing i n  an atmosphere perfectly f ree of 
any trace o f  w t e r  o r  of other pol lut ing mole- 
cul es. 

A t  the L.d.N. sodim-sulfur c e l l s  are a t  present manu- 
factured i n  two sizes. 



Figure 3 gives the e l e c t r i c a l  charac te r i s t i cs  o f  a c e l l  
dependlnq on the charging condl t i o n .  

I t  should be noted tha t  manufacture i s  easier and more 
reproducible i n  the large s ize  than i n  the small size. 
which favours then high-energy appl icat ions on board 
and not  min iatur ized appl icat inns.  

One very i n t e r e s t i n g  charac te r i s t i c  of the sodium- 
su l fu r  generators i s  the absence o f  self-discharge. 
There i s  no self-discharge a t  ambient temperature and 
even a f t e r  a long period o f  storage (greater than 1 
year) a t  650' F no self-discharg was measured. 

r------ --- . 

( Perf ~ r m d  nces I 
( ?mall-size Large-size 1 
( 

for discharaes 1 

( w i th in  10 hcurs c e l l  c p l l  1 1 
(---- ------ -.- ------------------------ i --------------------------------: ---............-.---.----------- 1 
( 
( Effect ive capacity 4.5 Ah 
I 

260 Ah 1 

Average voltage 

Ef fect ive energy 

Weight 

i Energy per mass u n i t  

.1-- - - 
The above charac te r i s t i cs  r e l a t e  t o  c e l l s  f i t t e d  w i th  
su l fu r  electrodes ab le  t o  operate as a c c m l a t o r s  (se- 
condary generator). S im i la r  ce l l s ,  but provided w i t h  
p r i M r ~  electrodes (primary ba t te r ies )  b.au l d  have capa- 
c i r i e s a n t  enera iesabout  20 qreater. 



3) - SPATIAL APPLICATION 
The operat ing temperature (650" F )  which is a a i f r  i c u l -  
t y  ana a hanuica~ t o r  Ground aytplications rrd; become 
an extremely favourable tactor  fo r  sore sl.atia1 dppl i- 
c a t i ~ n s  
ke  thi f ik i n e d i a t e l y  o f  the cases o f  in terp lanetary 
probes which must t rave l  through high-temperatut'e a t -  
mospheres. Such i s  the case o f  probes khosc mission i s  
the ekplarat ion o f  \ENUS. For example, a t  an a l t i t u d e  
of 1; Lm, the tmperature i s  63C F and under these 
condit ions the S ~ d i ~ m - S ~ l f ~ r  c e l l s  operate f ree ly ,  
without neeaing any heatinq o r  heat i r l s u l ~ t i o n .  The 
high pressure ( 2 E  bar:) which re igns a t  t h i s  a l t i t u d e  
can bc withstood by the containers because of t h e i r  
cyc l  i r d r i c s l  shape and small diameter. Nothing ctands 
i n  t . -? way o f  very long durat ion missicns. which nay 
be c isiderecl i n  ~ w n t h s  or even i n  years. 

However, i t  must be recognized t h a t  the pt'esent s e l l s  
have not been optimized f o r  such spa t ia l  appl icat ions 
and tha t  c e r t a i n  modi f icat ions would irave t o  be made. 
For example. for operat ing i n  any pos i t i on  and u i t h  
any or ientat ion,  i t  would be necessdry t o  provide the 
ins ide of the s o l i d  e l e c t r o l y t e  w i th  a porous l a j e r  
re?tablc  by the cddiurn which i s  d e s i g n a t d  sodium wick. 

A great number o f  e ~ p e r i r n e n t ~ l  checks remain t o  be 
made, during which ce r ta in  imperfections might appear 
ano involv ing studies and modi f icat ions w i t h  respect 
t c  the present s tate of the technique. These tes ts  r e -  
l a t e  f o r  example t o  : 

- resistance t o  high accelerat ions (several 
hundrso g) 

- resistance t o  shocks and v ib ra t ions  

- possible problems of t h e m 1  shocks on r a p i d  
ent ry  i n t o  hot  atmospheres 

- the p r c b l m s  o f  checking and guaranteeing re -  
l i a b i l i t y .  

4) - FUTURE POSSIBILITIE~ 
From the mechanical and seal ing po in t  o f  uiew. present 
c e l l s  are able t o  withstand subs tan t ia l l y  1 000' F. 
9ut the protlems o f  corrosion o f  the containers, whirh 
are overcome a t  about 650" F, 1 i m i t  the serviceable 1 i- 
fe for higher tmperatures. 

However c e r t a i n  simple solut ions may be considered. For 
high-pressure atmospheres, the use of defomable con- 
ta iners would be a neat solut ion, both fo r  reducing 
the weight and 'or resolv ing the operat ing p rob lms .  
I n  fact ,  it rrould be possible t o  balance tnc i n te rna l  
pressure w i t h  the external prezsure, which would a l low 
operat ion a t  p rac t i ca l  l y  unl imi ted pressures. bnder 
h igh pressures, b o i l i n g  o f  the  su l fu r  cn ly  occurs a t  
much h i y  her temperatures and consequently operat ion 
close t o  1 000" F would become possible ( a t  1 000' F, 
i t  i s  su f f i c ien t  for the pressure t o  be greater than 
3.3 bars). 

Figure 4 shows the posstble operat ing range. 

The p r i n c i p a l  problem would hecane tha t  of high-tempe- 
r a t u r e  corros ion c f  the container by the polysul f ides.  
The an t i co r ros ion  p ro tec t ion  used a t  the present t i l e  
and l i m i t e d  by i t s  cost.  could be subs tan t ia l l y  lncrea- 
sed ard so lut ions usinq more studied mater ia ls  and 
techniques may be considered. 

I n  any cas. the corros ion problems are less serious 
when the missicns are l i m i t e d  t o  a few days o r  a few 
tens o f  days and not  t o  years. 

I t  i s  then no t  u topian t o  put  forward the sodium-sulfur 
generators as extremely va l  i d  candidates f o r  fu ture 
ground explorat ions on VENUS (900" F, 100 bars), f o r  
missions of f a i r l y  long durat ion. 
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Abstract 

Auger electron spectroscopy (AES) was employed to  
ch rac te r l ze  the d l f fus ion  bar r ie r  properties o f  
molytdenum i n  the CrSl2/Mo/Au metal l izat ion system. 
The barr ler  action of Mo was dmonstrated to  pers ist  
even a f te r  2000 hours annealing time a t  300°C i n  a 
nitrogen ambient. 

At 340°C annealing temperature, however, rapid 
i n ~ r d i f f u s i o n  was cbserved to  have occurred between 
the various metal layers a f t e r  only 261 b u r s .  

At 450'6, the ne ta l l  izat ion degraded a f t e r  only 
trro hours o f  annealing. 

The need fo r  high temperature (up to  300°C) micro- 
electronics appl ications i n  such diverse f i e l ds  as 
a i r c r a f t  engine controls, nuclear reactor core 
mn i to r i ng  fnstrumentation and o i l  and gas well 
downhole instrumentation has further lmposed 
str ingeqt r e l i a b i l i t y  requirenents on microelectronic 
interconnections. Oifftbsion barr ier  protection o f  
the o h i c  contact layer and metal conductor layer thus 
assuws new importance. This paper w i l l  discuss the 
enhh.r.d high temperature di f fus ion bar r ie r  properties 
achieved through the introduction o f  control led 
amounts o f  oxygen i n  the Ho bar r ie r  layer o f  the 
Cr/HD/Au metal 1 i za t  .on system. 

The presence o f  control led amounts o: oxygen i n  the A bar r ie r  metal l izat ion systen. i s  show scheinatically 
bb layer i s  be1 ieved to  be responsible f o r  suppressing i n  Figure 1. I t  consists of an o h i c  contact layer 
the short c i r c u i t  tnterdiffusion between the th in  (CrSiz), a d i f fus ion bar r ie r  layer (stuffed HD) and an 
f i l m  layers. Above 340°C, i t  i s  believed that  the interconnect o r  conductor layer (Au). Figure 2 
increase i n  the oxygen r,ubil i t y  led to  deter iorat ion i l l us t ra tes  a tr i-metal system where d i f fus ion  barr ier  
o f  i t s  s tu f f ing  action, resul t ing i n  the rapid protection i s  l o s t  during heat treatment. 
interdi f fus ion o f  the th in  f i l m  layers along grain 
boundaries. Experimental Procedur? 

The CrSi2/A/Au barr ier  metal l izat ion syctem l e n t  
i t s e l f  eas i ly  to f i ne  l i n e  patterning. 

Introduction 

Thin f i l m  metal l izations play a c r i t i c a l  r o le  i n  the 
re1 i a b i l  i t y  o f  microelectronic devices. The 
deleteridus ef fects o f  aluminum a l loy  penetrationl-2 
and the "purple plagueU3-4 i n  gold-aluminum th in  
f i l m  couples are well -known examples. Thin f i l m  
metal l izations are made up o f  very small grairs, 
high densit ies o f  grain boundaries and dislocations. 
I t i s  well established that grain boundaries and 
dislocations increase atomic b l i t y  by acting as 
short c i r c u i t  d i f fus ion paths?-&. ~ j o s t e i n 6  has 
shown that  f o r  face centered cubic metals, t h i n  f i l m  
interdi f fus ion i s  control led by dislocation pipe 
d i f fus ion  and grain boundary di f fus ion i n  the 
temperature range 30-60 percent o f  the me1 t i ng  
point. Below th i s  temperature range, i , . terdiffusion 
i s  not very signif icant. Above t h i s  temperature 
range, 1 t t i c e  d i f fus ion  predoniinates. Diffusion 9 barr iers such as stuffed barriers, passive barriers, 
sac r i f i c i a l  barr iers and themdynamicall y stable 
barriers, are intended to suppress short c i r c u i t  
control led interdi f fus ion.  The purple plague 
mentioned ear l  l e r  can be ascribed to Kirkendall 
voiding through short c i r c u i t  in terdi f fus ion.  

I la r r ls  e t  a18 reported that  the d i f fus ion  o f  T i  i n  Mo 
was inhib i ted by the presence of oxygen i n  tq Mo 
layer o f  a Tl/bb/Au system. Nowicki and Wang 
observed the suppression o f  Au-Sl intermixing i n  
Si/Mo/Au system i f  the bb layer was react ively 
sputtered i n  N2-Ar mixture. They a t t r ibu ted the 
enhanced Ho barr ier  action to  N2 occupation o f  the 
octahedral s i tes around th9 bb aLms. Neither o f  
the above studies deal t  wi th prolonged annealing 
ef fects a t  high temperatures. 

Srquen'-ial deposition o f  the th in  f i l m  layers o f  Cr ,  
HD, and Au on (111)-oriented, N-type s i l i con  single 
crystal  wafers was carr ied out using planar r.f. 
magnetron sputtering ( Perkin-Elmr Ul tec Model 2400- 
8SA). Sputtering pressures were less than 10 mtorr 
using Irgcn. Oxygen-arcon gas mixtures were u t i l i z e d  
fo r  reactive sputtering o f  the Fb. Prior  to sputtering, 
the s i l i con  wafers were etched I n  d i l u t e  HF, rinsed 
thc !~ugh ly  i n  de-ionized water. a i r  dried and trans- 
ferred imed ia t c l y  in to  the sputtering chamber. 

After sequentially depositins the Cr/tm/Au system, 
sintering was performed i n  a quartz tube i n  a flowing 
nitrogen ambient a t  450°C fo r  I 5  minutes to a f f ec t  
CrSi2 f o w l t i o n .  

dnneal ing experimeats were subsequent1 y carr ied out 
a t  300°C. 340°C and 450°C. The 300°C anneal; were 
performed i n  nitrogen ambients i n  a quartz tube fo r  
168 hours, 1000 hcurs and 2000 hours. 

Annealing experiments above 300-C were carried out  i n  
vacuum,. BCS was employed to study the extent o f  t h i n  
f i l m  interdi f fus ion between the various :atal layers. 
Fine l i n e  pattarn def in i t ion  was evaluated using a 
combination of pmtol i thographic and chemical etching 
techniques. 

Results and Discussions 

AES p ro f i l es  o f  the Cr/b/Au system before and a f te r  
sinterlng a t  30a°C are shown i n  Figures 3-6. There 
was l im i ted  penetration o f  the C r  layer by the Mo layer 
during the sputter deposition. Af ter  anneal ing a t  
300°C fo r  2000 hours, the di f fus40n bar r ie r  properties 
of the Ma layer were found to be intact .  &I# re-  
d is t r ibu t ion  o f  thc oxygen i n  ttr* Ho layei- occurred 
during tb? 300°C annealing. The suppresslon o f  the 
exw-ted grain boundary in terd i f fus ion  may be 



r w r i b e d  t o  the oxygen incorporated i n t o  the Ho 
I r y e r .  The s tu f f i ng  behavior o f  oxygen may be 
s i m l l a r  t o  tha t  of n i t rogen i n  T i - W  observed by 
b w i c k i  gt a l l 0  irl the AlITi-WIAU system. Nowicki 
and Wang a lso reported t h a t  con t ro l led  incorporat ion 
of n i  troqen i n t o  n~ lybdcnun  s i g n i f i c a n t l y  reduced the 
r a t e  o f  g ra in  boundary t n t e r d i f f u s i o n  i n  MoIAu 
coup1 es. 

Annealing above 300°C revealed tha t  oxygen s t u f f i n g  
does not  complete1 y suppress short c i r c u i t  contro l  l e d  
i n t e r d i f f u s i o n  such as shown i n  the AES p r o f i l e  o f  
Figures 7 and 8. I n  fact,  a t  450°C. the oxygen 
m o b i l i t y  uas so h igh tha t  s t u f f i n g  ac t ion  nas l o s t  
w i t h  a resu l tan t  loss  o f  Ho b a r r i e r  ac t ion  a f t e r  
on ly  2 hours o f  annealing. This observat ion i s  
consis tent  wi'h the equations o f  ~ j o s t e i n 6  and 
other  recen t l y  observed t h i n  f i l m  i n t e r d i f f u s i o n  
phenomena6. Fine 1 ine  pat tern ing was accompl ished 
using photo1 i thography and chemical e tch ing such as 
shown i n  Figure 9. The f i n e  l i n e s  a re  two microns 
i n  width. 

The diffusion b a r r i e r  ac t ion  o f  s tu f fed  Ho layers 
has been de~mnstrated t o  be re1 i a b l e  a t  300°C f o r  
a t  l e a s t  2000 hours i n  a n i t rogen asbient.  Thc 
incorporat ion of oxygen i n  the Ho l aye r  i s  believed 
t o  be responsible f o r  the enhanced d i f f u s i o n  bar r ie r  
a c t i o n  o f  the Cr/Mo/Au metal1 i z a t i o , ~  system a t  
temperatures below 300°C. Above 300°C. the Mo 
b a r r i e r  ac t ion  rapid1 y deter iorates.  

The coaperation o f  Or. Joseph Peng ( fo rn~er l y  o f  
ARACOR. Sunnyvai~.  Cal i forn ia ,  and now w i th  
F a i r c h i l d )  and Dr. A r i s t o t e l i s  Christou (NRL. 
Washington, 0. C.) i n  the AES analys is  i s  
g ra te fu l  1 y acknowlecged. Our tharks a1 so t o  
Dr.  Christou f o r  many helpfu l  d~sucss ions.  
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Figure 3: 
AES SPUTTER PROFILE OF THE Cr/Mo/Au SYSTEM AFTER 

Cr S i FORMAT I ON 



F i g u r e  4: AES SPUTTER PROFILE OF THE Cr/Ho/Au 
SYSTEM AFTER A 168 HOUR ANNEAL AT 300°C FOLLOWING 
THE CrS i2  FORMATION 

F i g u r e  5: AES SPUTTER PROFILE OF THE Cr/Fb/Au 
SYSTEM AFTER A 1000  HOUR AiINEAL AT 300°C FOLLOWING 
TtiE C r S i 2  FORMATION 

F i g u r e  6: AES SPUTTER PROFILE OF THE Cr,'MolAu 
SYSTEM AFTER A 2000 HOUR ANNEAL AT 300°C FOLLOWING 
M E  CrS i2  FORMATION 

F i g u r e  8: A X  SPUTTER PROFILE OF THE Cr/Mo/Au 
SYSTEM AFTER VACUUM SINTTRIN? AT 4 5 0 ' f  FOR 
2 HOURS 

F i g u r e  9: PHOTOMICROGRAFH OF FINE LINE PATTERNING 
OF THE Cr/Mo/Au SYSTEM. THE FINE LINE., 
ARE 2 MICRONS I N  WIDTH. 



F i g u r e  7:  AES SPUTTER PXOFILE OF THE Cr/Mo/Au SYSTEM AFTEQ VACUUM SINTERIKG AT 3 4 0 ° C  FOR 264 HOURS 



REFRACTORY CLASS AND CUSS CERAMIC TUBE SBUS 
~ 

Cl i f fo rd  F. Ballard and Donn L. Stewart 
Sandicl National Laboratories 

Albuquerque, New Mexico 87185 

Cwplex vacuum tube envelopes a r e  required t o  
house and sup2ort in tegrated themion ic  c i r c u i t s  (XTC) 
during long-tern operat ion a t  e levated temperatures. 
Li20-ZnD-SI02 g l a s s  ceramic and Ca0-A1203 g l a s s  seals 

vere  invest ieated because they a r e  refractory.  
moldable, have r e l a t i v e l y  high thermal expansion 
cociffieients and bond d i r e c t l y  t o  a v a r i e t y  of metals.  

Ha te r i a l s  and techniques vere  developed t o  
5 fabr ica te  the  s i l i c a t e  g lass  ceramic (0500°C = 10 Rm; 

IF. = 450°C) i n t o  a to ro ida l  tube design containing 
64 PtlRh feedthroughs. Subassemhlies vere  exposed 
t o  600°C f o r  periods i n  excess of 140 hor r s  with no 
de te r io ra t ion  of vacuum s e a l  in tegr i ty .  However, 
l i th ium i o n  conductivity reduced lead-to--lead 
res is tance below 1 olegohm a t  350°C. y ie ld ing  a 
device unacceptable f o r  ITC appl icat ions .  

The calcium aluminate g l a s s  (p500°C = l o 9 h ;  
Tg 900°C) contai1,s no a l k a l i  but is more d i f f i c u l t  
t o  f a b r i c a t e  i n t o  c~mplex  shapes. Special t r ans fe r  
molding techniques were developed using pre-enameled 
metal piece par ts .  These subassemblies were vacuum 
t i g h t ,  had a lead-to-lead res is tance of 20 megahms 
a t  600°C and a r e  believed acceptable f o r  ITC 
appl icat ions .  



PACKAGIliG TECHNIQUES FOR LOW-ALTITUDE VENUS BALLOON BEACON 

Thomas J .  Borden and John tS. Winslow 
J e t  Propul Ion Laboratory 

C a l i f o r n i a  I n s t i t u t e  of Technology 
Pasadena, C a l i f o r n i a  

Th i s  r epo r t  p re sen t s  th_e r e s u l t s  t o  d a t e  of a 
s p e c i f i c  des ign ~ r o j e c t  i n  which a ~ i c r o w a v e  
beacon is  required  to  opera te  f c r  a l imi t ed  time a t  
h igh  temperature (-,325"C) and a t  h igh pressure  
(%!0 ba r s ) ,  i n  a chemically h o s t i l e  environment, 
a f t e r  surviv ing l a r g e  mechanical shock f o r c e s  (up 
t o  280 g s ) .  One of t he  most i n t e r e s t i n g  r e s u l t s  oi 
t h i s  work is the  f i nd ing  tha t  many e x i s t i n g ,  
commercially-available components can be used in  
such a des ign wi th  only min2r nod i f i ca t ions .  A 
f u r t h e r  r e s u l t  of some i n t e r e s t  i s  t h a t  a crude  
(and consequently low-cost) t e s t i n g  program can be  
aesigned t o  i d e n t i f y  and s e l e c t  promising comer -  
c i a 1  components. 

Symbols 

cos 
DC 
g 
HF 
MHz 
MOS 
PIP 
R-C 
RF 
v 
VBE 

ceramic-oxide-semiconduc t o r  
d i r e c t  cu r r en t  
acce l e ra t ion  of g r a v i t y  
hydrogen f luo r ide  
megahertz 
metal-oxide-semiconductor 
peak t o  peak 
r e s i s to r - capnr i to r  
r ad io  frequency 
v o l t  
Venus balloon F~.,,,1n 

In t roduct ion  

The goa l s  of t h i s  low-cost des ign e f f o r t  a r e  
t o  develop a shor t - l ived microwave beacon which is  
capable  of i n t z r m i t t e n t  ope ra t ion  whi le  suspended 
from a bal loon f l o a t i n g  in  t he  atmosphere-of Venus, 
and t o  do i t  wi th in  a r e l a t i v e l y  modest budget 
(S160K). It should be made c l e a r  from the  s t a r t  
t h a t  we a r e  d i scuss ing  t h e  beacon developmental 
model, not  f l i g h t  ha-dware. The f l i g h t  model has  
no t  y e t  been b u i l t  and, in view of recent  changes 
i n  t hc  Venus miss ion 's  scope,  may no t  be b u i l t  f o r  
some time. S t i l l ,  the des ign exe rc i se  is an in ter - -  
e s t i n g  example of what can be done with l i ~ i t e d  
funds and wi th  e x i s t i n g  commercial components, 
modifying them where necessary,  and by us ing a l s o  a 
b i t  of t h a t  famous America. ingenuity.  

The low-al t i tude  Venus Balloon Beacon (VBB) 
was conceived a s  one approach t o  studying the  winds 
of Venus. VBB i s  a smal l ,  L-band microwave t rans-  
L i t t e r  t o  be suspended from a high-pressure French 

I.' n, one-meter diameter,  f i l l e d  wi th  water vapor 
r i a t a t i o n  gas. The beacon is designed t o  

trar'amit a s e r i e s  of 1 microsecond, 1% duty cyc l e  
pu l se s  wb'.h w i l l  permit Ear th  'wnd s t a t i o n s  t o  
t r a c k  t h e  ~ a l ' , . . n  a s  i t  f :.s k 1;- about by va r ious  
Venusian atmoapnerig :isturbancc,. 

A t  the  proposed 18-km f l i g h t  a l t i t u d e ,  t he  
expected ambient cond i t i ons  a r e  ?15"' (617'F) and 
10 b a r s  (160 p s i a ) ,  wirh wind v e l o c i t i e s  a6 high a s  
20 meters/sec.  The atmosphere is p r imar i ly  carbon 
dioxide ,  wi th  t r a c e s  of o t h e r  gases  inc luding HF. 
The f o r c e s  on t h e  beacon-balloon eystem dur ing 
bntry i n t o  t he  Venusian atmosphere a r e  ca l cu l a t ed  
a t  290 g s  f o r  two minutes. She t o t a l  time of 

. . . . . - 
,* . 

*' .. - - 

f l i g h t  of t h e  bal loon w i l l  be 240 h r s ,  wi th  t h e  
t r ansmi t t e r  on du r ing  96 five-minute per iods ,  
spaced equal ly  du r ing  those  t en  Ear th  days. 

Discussion 

The VBB e l e c t r o n i c  system comprises b a t t e r i e s ,  
power supply,  RF cav i ty ,  c a v i t y  modulator, t imer  
switch,  and antenna (Figure I ) .  The major problem 
a r e a s  a r e  t h e  power supply (1000 MC needed t o  f i r e  
t h e  RF c a v i t y ) ,  and the  c a v i t y  modulator (pu l se  
t iming accuracy b e t t e r  than 1 p a r t  i n  10' requi red) .  
The power supply was designed t o  use  reed swi tches  
both a s  input  choppers and output  r e c t i f i e r s .  The 
cav i ty  modulator is a l a r g e  hybrid c i r c u i t  us ing an 
e spec i a l ly  c u t  c r y s t a l  a s  t he  t iming elcment. Both 
w i l l  be d i x u s s e d  i n  d e t a i l  sho r t l y ,  but f i r s t  a 
word ai.nut t h e  e a s i e r  p a r t s .  

TIMER 
SWITCH 

SUPPLY 1-7,. 
ANTENNA 

Figure I .  VBB Block Diagram 

B a t t e r i e s  -- 
Power is suppl ied  by 1.5 V sodium c e l l s ,  whose 

e l e c t r o l y i e  me l t s  a t  b280°C and can opera te  i n  t he  
l i q u i d  phase up t o  ?.350°C. ' These c e l l s  hold a 
charge i n d e f i n i t e l y  i n  thei ,r  bn l id  s t a t e  and pro- 
duce 20 watt-hr per c e l l  when h~ t.he l i q u i d  s t a t e  
( s ee  Figure  2) .  Since these  b a t t e r i e s  produce no 
power when s o l i d ,  i . e . ,  below 280°C, they become a 
b u i l t - i n  on-switch f o r  t h e  system, t hus  e l imina t ing  
one s e t  of p o t e n t i a l  headaches inc luding :he mass 
of a main power switch.  To get  t he  power needed 
'or 8 h o ~ r s  of ope ra t ion  requ ' rds  four  c e l l s .  
These us: u p , h a l f  of VBB'r; 2-kg t o t a l  mass l i m i t .  

A , t imer  was ~ ^ - J e d  t o  spread the  power usape 
o u t  over the  240-hour f l i g h t .  A mechanical tc e r  
( e i t h e r  s motor- o r  solenoid-driven escapement) was 
considered ,  bu t  t hese  had both mass and power- 
consumption pena l t i e s .  I n  view of t h e  high Venus 
ambient temperature and o t h e r  h igher  temperature 
sources  (e.g., t h e  RF c a v i t y  ope ra t ing  temperature 
is on t h e  o rde r  of 450°C), a b i m e t a l l i c  swi tch  
seemed a n  a t t r a c t l ~ r o  eo lu t ion .  Seve ra l  b i m e t a l l i c  
ewitches of s u i t a b l e  t ime cons t an t  were found ava i l .  
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Figure 2. Sodium Bat tery  Ce l l  

a b l e  commercially, s o  t h i s  approach b s considered 
t h e  primary so lu t ion  t o  t he  t iming prcblem. The Figurc  3. VBB Antenna 
motor- and solenoid-driven escapement were r e l ega t ed  
t o  back-up s t a t u s .  could be found, f o r  any temperature range. Hence 

we decided t o  do i t  ourse lves .  
RF Cavity 

T t  had been noted t h a t  t hc  s t anda re  t ype  OSM con- 
The RF cav i ty  used f o r  the  development model nec to r s  f o r  0.161 semir ig id  cab le ,  used f u r  t c s t i n s  

is a standard a i r c r a f t  transponder R7 cclvit:?, made some mu1 t i p l i e r  t r i i ~ ~ s i s t u r s  f o r  3 poss ib l e  
by General E l e c t r i c  Company, modified by t h e  manu- o s c i l l a t o r / m o d ~ l a t o r ,  were made e n t i r e l y  of mc-tal. 
Pacturer  t o  withstand the  325'C environmen:. The S ~ n c e  the  connector l eaves  t h e  cab le  d i e l c c  t r  i c  
engineer ing s t a f f  of .ne GE tube d iv i s ion  was i n t e r -  exposed, p lugs  of some m a t e r i a l  wcre needed t o  
e s t e d  i n  t h e  p r o j e c t  and made us  an of f rr  tha t .  c r e a t e  s e a l s  a t  both ends of t t e  cable .  
Prom both schedule and f i n a n c i a l  s t a n d p o i u ~ s ,  we 
could n o t  refuse .  In  p r i n c i p a l  t he  conversion of  Various types  of epoxies  were considered ,  but  
t h e  s tandard  RF cav i ty  t o  a h ig l  tdnperJcctre device  were found too  vu lne rab le  t o  water.  Previous  
was no t  too complicated. The major changes centere3  expcriencc ~ i t h  hybrid cons t ruc t ion  suggested usin:, 
around the  m a t e - ~ a l s  used t o  make the  c a v i t y  and the  cer;;mics. A f t e r  some inves t iga t ion  Macor, a 
type of so lder ingfwelding used i n  its assembly. ' f ie  mackrlable ceramir  manufactured by Corning Glas s  
tube i t s e l f  w 3 s  a l ready designed Lo opera te  wel l  Works, was s e l e c t e d  and machined i n t o  s c v e r a l  
above 325'C. t h i c k - w ~ l l e d  washers. Inner  and o u t e r  wa l l  sur-  

f aces  tht..~ were coated  wi th  low f r i t  gold and 
Antenna -- f i ced  aL h50°C t o  c r e a t e  so lderabl t .  su r f aces .  

These su r f aces  next  w i l l  be coated with a gold 
An antenna with t he  proper r a d i a t i o n  p a t t e r n  germanium s f . l d e r ,  t he  washer placed in  t h e  end of 

was found and sca led  down t o  opera te  i n  L-band. the  cab le ,  bnd t h e  cab le  end heated  above 360'C t o  
(See Figure  3.) There is no ohvious reason why the complete the  so ldc t  j o i n t .  Pos t -solder ing helium 
p a t t e r n  should change a t  t h e  high temperatures leak  t e s t s  w i l l  be performed t o  a s s u r e  t h a t  no 
expected of t h i s  p ro j ec t ,  but  t n e  optimum opera t ing  de t ec t ab l e  leaks l a r g e r  than c c l s e c  a r e  pre- 
frequency w i l l  change i f  dimensions change. Pence, sent .  Given t h a t  no s u r p r i s e s  develop from so lde r -  
a t e s t  antenna was b u i l t  from s o l i d  copper f o r  pat- ing  plug and connector simultaneously,  t h i s  p rob le r  
t e r n  v e r i f i c a t i o n  and f o r  frequency-shift  evalucl- i s  solved. 
t i o n  a t  L-band f requencies  and h igh  temperatures.  
The t e s t  model is  too n a s s i v e  f o r  f l i g h t  use;  h u t  Power Supply 
given a d d i t i o n a l  time and money, t he  f l i g h t  un!p 
mass could be reduced g r e a t l y ,  e.g., by des igning Figure 4 Is a schematic O K  t he  power supply- 
the. f l u k e s  hollow, by incorpora t ing  the  ground chopper-rdctif!er-driver c i r c u i t .  The p r i n c i p a l  
plane i n t o  t he  t r ansmi t t e r  box, and by usinp, component of t h e  c i r c u i t ,  t he  t ransformer ,  proved 
l i g h t e r  cons t ruc t ion  ma te r i a l s .  t o  be  the  s imp les t  t o  f i nd .  In the  l i t e r a t u r e  

study a t  t he  beginning of t he  work, a r e l i a b l e  sup- 
Antenna Cable p l i e r  of high temperature t ransformers  (General  

Elagnetics) was loca t ed .  The t e s t  t r ~ n s f o r m e r s  pro- 
One prob;em which we had t o  so lve  t h a t  was not cured from :itis source  have functioned w i t l ~ o u t  

s o  simple a s  i t  a t  f i r s t  seemed, was conducting problems i n  a l l  t e s t i n g  performed t o  det*.  
t h e  RF s i g n a l  from the  c a v i t y  t o  t he  antenna.  The 
coax cab le  indust ry  c u r r e n t l y  produces high temper- The ' tougher  problem has  been posed by t h e  
a t u r e  semirigid coax cab le  t h a t  w i l l  withstand c h o p p e r l r e c t i f i c r  requirements.  W ~ r n  f i r a t  con- 
325°C f o r  extended periods.  Th i s  cab le  u ses  s ide red ,  i t  was thought t h a t  t h e  only p r a c t i c a l  
powered magnesium oxide a s  t h e  d i e l e c t r i c .  S ince  ao lu t ion  t o  t h i s  problem l ay  i n  t h e  reed swi tch  . 
t h i s  ma te r i a l  is  hygroscopic, both ends  of t he  appror.ch. S ince  t h e  reed swi tches  were l a r g e  anJ  
cab le  must be sea led .  Unfor tunate ly ,  nn commer- r e l a r . i ve ly  heavy, we were xo t iva t ed  t o  look f o r  
c i a l l y  a v a i l a b l e  hermetical';.-sealed connectors  o t h e r  p o s s i b i l i * i e s .  
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Figure &. Schematic C i r c u i t r y  

One of  ::..-+e Icd us  tc* t e s t  some? very  small  
(TO-5 czn) re1 ... . t o  get  an  idea  o f  t h e i r  u s c f r ~ l  
l i f e  and v o l t a q r s v i t c h i n g  capabi l  i r - - .  k'hcn 
run 1s s e l f  d r i v e r s  s: mos temperature and 
9 volts, these r e l ays  ran f o r  13 days st *-350 i i t  
wi th  no apparent degradation. A t  about 700 Y. ' 

hcwevrbr, t h e  cen tac t s  ve re  bu rn t  a t  a feu micro- 
a q s .  Since rhey .worked s~ well a t  t h e i r  r a t ed  
winding \wlt:akq- o f  J i w l t s ,  i t  Was f e l t  tft.lt the? 
nigii t  sirft  tn.. ic~--voltsge s i d e  tlrr. chopyor! 
rrrt i i i c r  .- irctt i try.  

Xcc.wdingly. one of these  Jevic.>s was d i s -  
sxtd ;lsd r.-wained t o  drtcrminz- uhat  atxii l ' ications 
the:< w u l d  need t o  aurvivr. ;tt 3?!i°C. T11r.sr. a o d i f i -  
c a t  ions. u!~ir.lr consis ted  aost ly of s u 5 a ~  i r u t  i ng  
high tempcraturc wi re  in su la t ion  and s t r u s t u r  1 
cui;wnr.cts f o r  t h e i r  e x i s t i n g  counterpar ts .  ucruld 
h a w  rcquircd procedural changes dur ing mnufac- 
cure. r a t h r r  t b n  post-assem'olv r e t r o f i t s .  The 
changes were =odest enough :o be q u i t e  f e a s i b l e  f o r  
~ y ~ i c a l  devclapacnt profccts ,  but  were not  f e a s i b l e  
wi th in  thc  time and c o s t  liaits a v a i l a b l e  f o r  V66. 
C-sequent I v .  wc f e e l  t h a t  t h i s  tpp.-t*;~ch is worth 
s t a t i n g  f o r  cans ide ra t ion  i n  f u t u r e  high-temperature 
pmjeccs .  even rhoug11 we could nut  use i t  in  our 
cas*. 

Another approach explored was based on rhe use  
of semiconductor devices  a s  l o r v o l t a g e  switches.  
The chief  advantage of such an approach would he a 
s i g n i f i c a n t  s impl i f i ca t ion  of t h e  c h o p p e r i r e e t i f i e r  
synchronizat ion problem. 

P r e l i m i n a q  t e s t s  indicated t h a t  t h e  H a r r i s  
CD 40090 Ceramic Pack COS/WS i n v e r t e r  and t h e  
IRF 351 HLYFET power t r a n s i s t o r  vould funct ion a t  
temperatures above 250°C. A DC/DC conver t e r  was 
designed, u s ing  the  CD 4009D a s  the  o s c i l l a r  .r and 
d r i v e r  of a p a i r  of t h e  351's ( see  Figure  5). 

For the  conver ter  t e s t s ,  Lhe I kV secondary 
vas r e c t i f i e d  by off-the-shelf d iodes  (not  shown i n  
Figure  9). These diodes  functioned s a t i s f a c t o r i l y  
tip r o  about 200°C. a t  which point  they wre removed 
f r m  t h e  oven and operated a t  room temperature f u r  
t he  h igher  c e p e r a t u r e  p a r t  of t he  tests. 

The test conve- ter  (see  Figure  6) functioned 
f o r  50 hours  a t  250°C. Eff ic iency dropped from 93% 
a t  rwm temperature (20°C) t o  73% a t  250°C. In  
view c f  the  l imi t a t ions  on power a v a i l a b l c  i n  the  
VBB mission, l h i s  approach was r e j ec t ed .  For cases  
not so l imi t ed ,  however. t h i s  approacl. should be 
q u i t e  uaeful .  

NOTE: Q, - Q5 aM)OPO 

+6V O N  PIN I AND I6 
GND OlU PIN 8 

Figure 5. So l id  S t a t e  Clmpper 

Figure  6. VBB Test  Converter Unit  

The approach f i n a l l y  se l ec t ed  f o r  VBB uses  
reed r:rrrrhez suppl ied  by Cordos Corporation. 
These high-v ~ l t a g e  swi tches  a r e  packaged wi th  
d r i v e r  c o i l s  s i m i l a r  t o  one of t h e i r  scandard 
l i nes .  The con tac t  bounce on t hese  swi tches  was 
markedly less severe  than some o t h e r s  t e s t ed .  and 
a r c  capable  of swi tching t h e  I kV secondary without 
d i f f  i c u l t y .  

We found i n  our t e s t i n g  t h a t  improper synchro- 
nqzation can r e s u l t  i n  d e s t r u c t i o ~  of t h e  switches.  
'but t h a t  i f  a very  p rec i se  R-C c i r c u i t  is employed 
con tac t  b*.rnout on t h e  I kV s i d e  of the  c i r c u i t r y  
can be avoided. We have found a l s o  t h a t  type C 
swi tches  (i .e. ,  YPDT, s e e  Figure  4) can be  used on 
the  l o r v o l t a g e  a i d e  and i n  the  d r i v e r  c i r c u i t . . b u t  
t h e  ~ r a n d a r d  type  A (i.e.. SPST) swi tches  a r c  . 

r e q r i r e d  i n  t h e  secondary s i d e  t o  su rv ive  t h e  1 kV. 
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Hybrid Modulator 

Ear th  s t a t i o n  t racking of VBB r e q u i r e s  t h e  - - 

t h i n g  accuracy of the  t ransmit ted  pu l ses  t o  be a t  
l e a s t  as good a s  1 p a r t  i n  107. Thfs  requirement 
precluded t h e  self-blocking mode of  tube opera t ion,  
and imposed 3 need f o r  soac  sort of modulator. A 
high-temperature test program at iPL s e v e r a l  y e a r s  
ago had e s t ab l i shed  that  properly c u t  c r y s t a l s  v e r e  
capable  of maintaining the  required acc*rracy. 
Three c r y s t a l s  (3 9 ' 7 .  5 MHz. and 10 Wfz. respec- 
t i v e l y )  c u t  fo r  m i n i a w  d r i f t  ac 3L5'C. have been 
acquired from a comerc ia1  supp l i e r .  A s  of t h i s  
v r i t r n g ,  thesa  c r y s t a l s  a r e  being t e s t e d  a t  temper- 
a t u r e  t o  v e r i f y  turnover p o i n t s  and d r i f t s .  

The c r y s t a l  con t ro l  c i r c u i t  desikned a s  a 
r e s u l t  of t h e  above considera t ions  is shown i n  F i e  
u r e  7. A breadboard model of t h i s  c i r c u i t .  shown 
i n  Figure  8. was f ab r i ca t ed  from mteripls known i o  
funct ion s a t i s f a c t o r i l y  a t  h igh temperatures. The 
priacipa', t e s t i n g  goal v a s  t o  eva lua te  t h e  Lt25911 Figure  8. Breadboard Yodel 
dua l  JFETWs operat ions  and t o  determine vhat m u l d  
be required t o  keep it ope ra t ing  s a t i s f a c t n r i l y  a t  
high temperature. -------- 

+v 
v 

AMBIENT 4V ?/P 

4 ic4 1 t 

1 Figure  7. Crysta l  Control C i r c u i t  

. Tes t ing  shoved t h a t  a tuned c i r c u i t  feeding 
Q1 (as  shown i n  Figure  ?) was required f o r  s a t i s -  
f ac to ry  opera t ion.  The r e s u l t s  of ope ra t ing  t h e  

l- 
test c i r c u i t  a t  280°C fo r  100+ hours. vhich pro- 
duced no f a i l u r e s ,  a r e  shown i n  Figure  9. It v i l l  
be  noted from these  da ta  t h a t  i nc reas ing  the  tem- 
pe ra tu re  redaces the  output smplitude. I f  the  r a t e  
at vhich t h e  output drops remains f ixed,  a second 
tuned c i r c u i t ,  feeding 42. v i l l  have t o  be  added t o  
achieve s a t i s f a c t o q  performance a t  325.C. Th i s  
present8  no obvious problems. 

Figure  9. Output Wave Forss  

temperature so lde r .  f o r  example. melted a t  t h e  test 
temperature, but  remained i n  puddles around t h e  
component l eads  and performed its e l e c t r i c a l  func- 
t i o n s  s a t i s f a c t o r i l y .  

.Is of t h i s  v r i t i n g .  a r e f ined  test c i r c u i t  has  
becn l a i d  au t  on a 2 in  x 2 112 in,  96% alumina 
co re  subs t r a t e .  Thanks t o  ex tens ive  t e s t i n g  of 
hybrid inks  f o r  high temperature s e r v i c e  conducted 
previously by Sandia Laborator ies ,  a s a t i s f a c t o r y  
ink (PI: Pont 9910) was found eas i ly .  Cold- 
germanirw so lde r  has  been chosen f o r  connect ing 
d i s c r e t e  component l eads  t o  s u b s t r a t e  inks.  The 
high temperature epoxies  and/or  p o t t i n g  compounds 
f-r  bonding t h e  d i s c r e t e s  t o  t h e  s u b s t r a t e  h a t e  
not  y e t  been chosen. 

The ref fned t e s L  w i l l  be conducted u s i n g  a l l  
d i s c r e t e  components. For l a t e r  t e s t s  and t l i g h t  
hardvare. -15911 and 2:33821 d i e s  have been ordered,  
a long with c h i p  r e s i s t u r s  r a t e d  f o r  32S°C operat ion.  
I t  is a n t i c i p a t e d  t h a t  ~ l ~ c  csmplete c i r c u i t  w i l l  
f i t  on a much s a a l l e r  subs t r a t e .  

Conclusions 

I . It should b e  noted i n  passing t h a t  i t  was not  The principal conclus ion t o  be  drawn from t h e  
absu lu te ly  necessary f o r  a l l  m a t e r i a l s  i n  t h e  test work repor ted  he re  is t h ~ t  many o rd ina ry  components. 
c i r c u i t  t o  be  high-tcraperature substances.  Low designed f o r  operatio.) under Ea r th -nonn l  condi- 



.? . t h W r  u y  be uScd i n  extreme environments -- - either "as is." or wi th  minor-to-moderate ch;lnges 
in t h e i r  const ruct inn.  A ca ta log  of srtch extend- 

& a b i l i t i e s  was s t a r t e d  bv p r e v l w s  researchers .  and 
h a  been augmented by the  present work. 

I n  addi t ion.  a g rea t  deal-of u se fu l  extend- 
ab: ! f t y  in ionaat  ion pe r t inen t  t o  a p a r t i c u l a r  pro-  
ject may be gained at  r e l a t i v e l y  lm cos t .  by 
employing "rough and d l r ty"  t e s t  procedures. 
custom-designed t o  f i t  the  needs of that pro iec t .  
In our case .  even though the  development r..Jel has 
not  yet  beet1 t e s t e d  a s  d complete system. the  
prosp?..ts f o r  a posi tcve ,  uithin-hudgct outcome c-f 
the >lay-June time-frame de\,elopment-sys;en t e s t s  
(schedule dependent u p  r ece ip t  of t he  f i n a l -  

desigt\ cavi ty .  reed .;witches. e t c . ) .  appear q u l t e  
b r i s h t .  A t  t h a t  t i m e .  ou r  p r inc ipa l  problem w i l l  
brqurae meeting the  2-kg mass l i m i t .  Given t h e  
r e s u l t s  t o  date .  I :  appears that the only y e c t i ~ r r  
requir ing extvr.-;ivc redesign he re  w i l l  be t h e  
antcnea. and t h i s  does not appear t o  pose any 
s i g n l f  icant  problems. 

Th i s  paper is bascut upcm research performed a t  
t he  J e t  Propulsion Laboratory. C a l i f o r n i a  I n s t i t u t e  
o f  Technologyfi)-, under cont t a c  t SASi-100, sponsored 
by t he  Yation;al Aeronautics and Space 
Adninis t ra t  inn. 



tb by tbr e k t r d c  -try for ampo#mtr 
tlrt are 1- e, rort caprt, uc up.ble of mt- 
b k Kgb tapcnm a d  a11 eovlrocrlotal cadi-  
t- ia Dlr p r a 4  mPdiqt 

Zb propat- of acb a flexible, trampuemt, thin 
film of aluminum oxide insulated wire or s t r i p  ( r i t h  a 
r l t iq  point of ZOSOOc) ia miqw for applicltioos in tba 
elrctraic,  mimile. a d c  reactor, .aorp.a. md .iredt 
iob.tria. Ibt oPidc film is highly flexible, atitable f a  
a11 r i d h s  of any s u e  and s h p e  of coil  (wne t i e ) .  
k M y  rorcbrd qorr 8re tk r l tmio le t ,  protoo ym tr 
dkth m. u e l l  as hi@ v u n r  Pd a y o g d c  appliu- 
t h .  

Since f h  film is imryllic .ad c b s i u l l y  inert, it 
does not age or  deteriorate in storage .nd has good 
dielectric properties (1000 volts  per mil). In brief. 
capancnu designed armd th i s  unique u t e r u l  w i l l  keep 
8bmSst of preBent day d Euture t e ~ l o g r .  

Dcsignets of e l e c t r o l ~ n e t i c  components can w v  
.chim hi.@ms at- per unit 02 night ed a rerhction in 
sin. Vith proper Iezz insu'atim w i l l  k required 
rod ck dielectric losses &re RdUCed. 

Ik a of o almirrm: conhetor (mrad a rtctmaulu 
w i r e  a strip.) rill u v t  50% in weight, rhieb is a distinct 
improvement iu commercial applicatiooa sucb u linear 
lotors. d k l  hutnmmts. etc, r b r e  lolm mass v i l l  
d t  in louer iocrtia. Rotary equipment with lw mess 
simplifies &yammic h k b  A8 v i h t k  from dymmic 
Lb.l.oa ia re&ced, greater semitivity ad @roved big 
f- rerpoorc in misg coil a p p l i c a t h  results from 
tbi. lara maas. In all, it is a drcrr oac rmc for most 
qioars. 

Compared to copper, aluminum witb Al2O3 insulation 
operatee cooler d v i l l  wt orid* YbB ~ p l a t i q  t a p -  
eraturer of above 100' C.. copper rill form an invisible 
film of cuproor cxide; above 200' C. cuprous aod eupric 
6 are fomad r d l y  oo tb. d u e ,  tlnu reducing the 
cmhc*%nce am ulthotely sewm coeromion oaur rod nev 

tbt are f a w d  tko@mt tlr -latian u well 0 0th.t 
e b  problao, sucb u lack of dbcrion, oxidation, 
evopocatioa. rod .a- 

4i.l is mamp8nW by rc* 100s i m  orgsnic utai.1 
rbm ski* ruolts in tbc resin portim uwbg it to 
lose its b o d  in the s lo t  ce l l s ,  thus creati ly failure. 
Vuiuioo of temperature a rotati- speed UIUCS webroiul 
abuses of tbc imulatioa -1 -tia~ is f a r  
cLorc to tk ament-carryig con&actora rbert? tbc tam 
ture is a t  a mrhm; 'Ibercfore, tb. f d l m e  is b & c d  a t  
cbc botWt .pot of the rindil& 

Alumhum um&ctor and A l f i  iorulatiorr, which is cu- 
r i c  in nutare, is free of y l d c  action ar oxidation. In 
cuc of .  bnawoun, tbc irrrul8tion don m t  m t e  tr8ckiE,g 
of a permmat  umhe ive  patb thm@mt tte i ~ ~ ~ ~ l a t i a t .  
In fact, oxide from the air creates a aeu h u l t e d  oxide 
and coold repair itrclf. Ibcrefore, it i s  a good rcuaa to 
consider the relat ion betueeo opera t iq  temperature a d  
insulation life. A component made witb bigh temperture 
insulated u t e r i 1  v i l l  be more relirble .nl w i l l  protect 
itself .Id its paylod fr.m instmt heat ad pressure. 

F m  I L P C ~ ~ ~  ~ u I ~ B  hU SlXCt?Slf.J11~ h 

ployed in tbe electrical q i n c r i q g  field a d  in various 
other applications sucb as  in tr~nsfocmers, generators, 
etc., using bulky interleaving materials sucb as paper, 
plastics, or 1- u inrulation-Eu f r a  satisfactory. 

A l l a i n a  for electric eacduetora bu a nsist8nce of 
.bout 34.5 olmslr2, which ia equal to .pproxkte ly  62% of 
the conductivity of eKectrolytic copper. The specific 
vekbt i m  2.7 @a2, or hu t  302 of rbu of coppa. Thi. 
means tbat an aluminum conductor of equal conductivity 

tually tbr  c d u c t o r  is rendered useless. Even rickel  weighs only Wlf of tht of a comparable copper ccoduetor. 
corShd copprr is ubject to a p lvrr ic  actioo of tba tuo In many cues,  depamdirp upon hip, tbe e t i v e  weight 
met el^ In a high tenperataxe aperation, mipation of atoms crs, be further reduced dependb oo tba dielectric loss, u 
i8 mtrb a l r n i a u  opetates r ~ d e r .  and diuip.Cw b a t  more rapidly. 

h f a u n c e  of electrical eolpoolot. in h* teapera- Copper clad a lu r iPn  wire ia reinforced with tC grade 
tare ia ~ ~ i O l Y l y  lnodhppd dp. to Lhs lab of mitable d u b  a a & c ~  of .o Lpro*ad design dmlopd to give 
iwulath# u t e r i a l r  u the compoaents u e  suSjected t o  electric WCT versatility k e o l u t r u c t b  In additha 
mavae Olgriul mtrurtr k ra-1 cmditiaor. W m  to tbr ca~tributioo of its h* s t m 4 t b  to 'tbr collductor, 
failure ocaur in ory.ic t& f.ilm -ior it dd. to tbe tom1 caoductivity of tbr colductor, w at 

ow* to tb e k t r i u l l y  &the  cubm path it perf- a cb.l f a t h  of stm@ ad w ~ & ~ t  -we. Of 



m, it in 1ilbh.W in a l l  given yllcr of w i n .  It 
i a  .Loo c o m b  resistant, it w i l y  applicable to 
mt w i n v  cables, e t c  Copper c l d  aluimm i s  a compo- 
site meterial; Tat interdiffwion of copper d alumbm 
*am$ occurs w tbrt tke m a t s t l a  u e  inaepuable. r&Y 
u e  j o h d  in a r t a l l u r i g i o l  kmd lbrtbe~lorc, w b . o  the 
ccmpooite rod is drnm to f i l r  wire a*, iu co~lcentricity 
and tbt proportioar of both metals remain uncIurqted. The 
ua coacept uo be applied f a  copper clad steel, which is 
a I d  cable for th? a a i ~ t o t  industry, - 0 t h .  

lea#-d an insulation 80 thin--..laoat qacele.r--tbrt 
sbould w i t h t t d  1000' ?. oc h h k r  t a p r a t w e s ,  a d  rur 
viw al.cwt q aaitoawotsl colditloor. 

a) Gufficicotly flexible, to a l l w  w u  in a q  f-, 
includiq miniature toils md edgeuindiw of rect.oluler 
uire v d  under great atreso. 

b) Sufficiently thick, to i .  good iruulmtioo md 
d r u b  nais t .nu ,  u mll u tbarul .hoct miataxe, 
etc. 

Permaluster. Inc., has pioneered in  th i s  teehaical 
adtancement after yeun of mcuch md lw obuiard rucb .a 
inorynic, flexible h l o t e d  film tbt ia proheed emtin- 
u w l y  oa wrre md strip alumhim. 

'Ilbc oxide film ia f o n d  by .~r elwto-chaiul method 
uhich is a coacrriolr mi for dkkmiq tba sUua11y 
occur& film -1 hmdred t i m e s  or more. WS metbod im 
tnnm u "amduing.". Permaluster'r patented procesa is 
a h i l u  to &king except: 

copper c l d  alumiium 1Qd. itmelf to s b p b .  forming, 1) I t  i s  perfarmed with big aped ( j u s t i f y h  coot). 
a d  drawing. Wire is produced from .003" diameter and 
rec t .qulu  wire from MIL* ad ia very a u i ~ l e  for winding 2) I t  e l ~ t e r  rehDiul a m ~ u t  to avoid rackiq 
fine. -11 coils- l y c r  wire is mitable for lightweight spots. 
ubles. 

3) I t  i s  coatrolled to eliminate u u i n g  vbm beat. 
The d.pt.tioa of alumhum wire or foil and/or copper 

clad aluminn conductor is a step to attain improved opcrt (king to t& mtrict control wtbDb employed in tk 
t i m  and reliability through better b l m c r  in compooeats p-uiq, tk oxi& avting u y  k form& -ly in 
vitb rbt follwing reaults: vuying thicknears and pre-structures. fbc miet.#c of 

the formed alumiru film ir .bout 1800 o h a  per em2. 
1)  Ibia material a n  be operated a t  a greater speed tbm 
copper wire ruing l e u  pmer in -able toils. 
2) '&ran baa been reduced ao that a decible maurement of 
so r levels in s t a t i o a y  coils h. heen rcdurcd 
+, Load capacity of given ratings b v e  been effectively 
kreaaed. 
4 )  Core losses have been deaeoaed .Id efficiency increased. 
5) Operating teqcraturcs u e  f m  -450° F. to 1000' plus F. 

-mc.  .e 

Compuiaon of thermal and electrical  
' conductivities of copper .ad alurimm at 
v a h  teaperaturea. - 

r t u w e h o i . l o f  t k a m d i c f i l m f ~ i t m d t k f i n  
structure of the film are m t  fully ' J s t o o d ,  but iofosu- 
tion ia derived from tk nailsble mideuce tht uoda tk 
influence t-1 th elctrolyte .Id the wchaicd solvent .t 
tion. alumimm h migrate from tbC ~ t . 1  aufface tlKou@ 
the barrier layer to the oxygen rich upper portioo of the 
f i l r  vhen the b a a  react with tbC alumhum oxide to form m 
.ahydrau a l u r h .  Ik oxide lsyer f d  differs in eb.r 
acter from tk more p r o w  outer 1.p. 1& dmLu lw .n 
electrostatic c-e .oi :a frtnctioo to .b.orb &bar iuPr 
ganic or organic u t e x u l .  

lhir step in fhc creation of aluminn a& hadated 
film ia an .dr.oeaant io tb t  tecbnolw of proce#a& f a  
q p l h t i o o r  in elec-tic coils. kuulatiao 
with high dielectric strength, lover dielectric loaou, a d  
more compact components are the results. The i n o r g r i c  
inruhted fiim vith its d..aty;.au d l k t r i c  propertier 
v i l l  vithatmtd: 

1) nigher temperature (to the moltiug point of tbr  
cmductor). 
2 ) ~ * c o m M m d c a o  -a 
3) Tberrl  or storage a g b  
4) oxidation . 
5) ldbtiar L 

6 )  brarv 
lot. th incruriag dauad in the electrmic -try 7) -1 rhocL 

for r i m  or strip to be lighter in veight-alwrt w e u t -  
, , 

8 )  Big frrpuencirr 



9) Cryo8miu (liquid w ~ r )  

In d l i t i o o ,  it will mt ar- in * raaMm. -- 
1) B r r J d o m  Voltage: 

'Ib. porour film of Al20j a8 
produced 00 KC' grade and 

p city material vitb- 
Lprclp.tiaa io .pgtor 

i w u l y  30 to 46 Veltr pa 
micron ~0.00004"). The 
u t e r i a l  composition af- 
fect. thc brsrLdan vol* 
which increaser witb the  mv :: 1 I 1 l i r  M 
iacreariog puri ty  of the 1 - w  of VS. bm&. 
metal. Ihc f i l m  i r  bolo- dan rdtrp (ms). n* d*lrchic 
n u  i f  1 t i c k  ~ 4 0 0 x i b $ ~  gaT: 
withart e, cootrolled - ( 0 . ~ 7 .  
t o  any thickncrr. The di- 
electric a t r a @ h  ..ria nearly in a l inar t  fub ioo  with the 
thidmau u per Figure 3. 

2) k r ia t iv i ty :  Iht m i o t i v i c y  of thc a lumbm oxide 
r a r i e a  with temperature and humidity. When the f ilr is 

7 -led. i t  may vary 7 x 10 t o  3 x 10'' d m r l a  Ondcr 
i h l  cooditioar io a dry a t ~ ~ a p b e r r ,  resis t ivi ty  of 5 x 
10'' o b a l a  w u  obtained a t  20° C. after  charging for 60- 
80 u d r .  

3) Dielectric Caortsot: fbc dielectric crmt.ot (per- 
mit t iv i ty )  of AlZ03 f i lm l i e s  between 8.5 and 9.5 when 
mearured i n  dry a i r  a t  one megabertr. Similarly, loor 
factor (tm delta) is 0- under like coaditiau. 

1)  & h e a r :  Tbe film ir ceramic in nature a d  v i l l  
reaiot lu=Zace rclrtchar and .brroioa. Ibc degree of hrd- 
near dependa on the poroaity and thc depth of the oxide 
layer. Tertr nude on l u m a o u a  umpl t l  of varying of 
porooicy by ruar of rcratch& the surface with a d l e  
bvhg a comtmt lod of 130 g r e ~ r  rhoved that btulkt l~ougl~ 
wac acbie~ed in the momt porarr m p l e  after 16 rtrokts ad 
tin ltrrt porous m p l e  af ter  48 rtrokeo. 

2) n u i b i l i t y :  llu film io hi&ly fleaible, unlike 
other f m r  of ceramic i w u l a t i a ~ ,  d r e t a b  thr a t  
q c u l i t L 8  a0 long rr the meta l l i c  bare mater ial  is not 
@objected to rPb. atnine. If tbr bme utatl ir over 
untched  or r b r p l y  b e ,  it exhibit8 c a c l j g ,  v b  wp.r 
.rho of tb. film u y  occur. A brd taper wtal w i l l  wt 
all- m a l l  d i r r t a  Io b.rr atate, ouch w i n  w i l l  
aver rtratch o tb rppr p a t  of t lu  bend, d thr u r f a c e  

v i l l  k d b t o r t d  a t  tb. louer kaa. Or@ t o  t& f h  bal 
kmrn tb r  a lmimm u b r m t e  md tbe i a m w o t  byer of 
allmimm OLid., tbe inmuwed cm&ctor em be M& f l a r  
a l e ,  p m r w  .la0 tbrt the temp4r of tba caodrwtor ir rocb 
tbt it u h i b i t a  a degree of &ctility, Ductile vim 
.nd r t r i p  were vamd d a IU13dt.l h k y  d b t e r  four 
timer the chicknear of the conductor without f l a k i ~  or  
cracking of the i r u u l a t b  

3) Fatigue: Teato b v e  indicated tha t  there  ir no 
fat* loas due t o  the M d i c  film, even with a film thick- 
mom DO= t k  fifteen microno. Tbir i r  wiqg  t o  the f l e  
i b i l i t y  of the  f i lm;  there is no r t reaa  concentrrtion 
k t w m ,  t b t  metal .ad the film. 

4) Strength: Tmri le  rtrength MII eloqptioa are not 
altc'rcd by the W i c  film. With vcry thin uteri.1, 81- 
lwsnce r b l d  be u d e  for the thidarsa of the me-1 tbt 
i r  converted t o  oxide. There i r  no reduction i n  fat igue 
rttcqgtb even a t  relatirely b i b  atresow. l b e  alumina film 
bu aiguif iuru st-th when deuebcd.fror tbc metal. 

5) Cornor: Aa k u l a t i m  io upolred t o  high voltage, 
the c r i t i c a l  vol tage is reached when v i s i b l e  o r  audible 
d h c b r p  occurs. Ihia is the corau atnrt voltage (CSV), 
and it is here t h a t  the ambient a i r  becomer ionized .ad 
permits f m  f l w  of aurmt. &at Lbulatiolu upoaed to 
t h b  COTOM effect suffer -ion. It is a100 attacked by 
ozone produced from the  oxygen of the  atmorphere. Such 
c b a i u l  erooion within tbe body of the i n m ~ l a t k  i r  urn- 
centrated sod remlta  in a oeriouo d e p d u i o s ~  of thc qtuli- 
ty of tbc h u l a t i o n  md c a m s  p r e u h u e  f a i h  of the 
ayrtm. 

6) B i g  Temperature: &at is a very Lport.nt factor 
in the w e  of a bur* type electrolyte, sr it thiclrau thc 
b a r r i e r  layer  f o r  higher d i e l e c t r i c  rtrength. Beating 
chpneea the electrical nsistmux d modifier the pbyaiul 
cautance of the film; therefore, tbc pre-umdized aZmiODI 
beaced up t o  1000~ F. leado t o  an increase in rer i r tmcc ad 
m appucnt thicken* of the b i e r  layer. It a180 in- 
fluencea the flexibility of the film. It w i l l  not b l i s te r  
or peel, altbargb the thermal up.nrioc! of the film .Id the 
cotductor M'different. 

Since t b t  aluminum oxide wltr a t  3722' F. (2050° C). 
the temperature u r h  a t  which P c r u l u r t u  LYulated cow 
&ctor u y  be d e l y  a p l q e d  i s  dictated by the raltiq 
point of the metallic conductor, vhich for  a lur iaur  io 1 ~ 1 8 ~  
f. (659' CJ. The inaulrtion propertho of the 0ai.d~ film 
improver u the t apera ture  iocrarrr u the lo i r tu re  factor 
M eliminated. It bold8 i t a  dielectric propatieo whetbar it 
i r  operbted a t  No C., 500' C., o r  -400' F. (cryogenic), 
thu making i t  witable  for CLorrer B and C i m u h t i m  u 
well N exceeding Nil-Spec. fo r  bQh temperature a p p l i c r  
t ion. 

It ir  i n r e n r i t i v e  t o  thermal rhock. Tbe inrulated - 
conductor can aafely carry abort t e k  overload current6 
while io a m b h t  t a p ~ ~ a t u r e  and can k rubjuted to 
audden cbq(;.a of t a p e r a t w e  Mirp a vide differwnckl 
witbout deterwntioa 

lbrrvl colductivity of rhr iC29 ir relatively el#. 
to the aluminn carductor u tb. film u minute. It &r the 
a b i l i t y  t o  r a d i a t e  heat rapidly i n  biah tomperaturr. A 
-11 coil  witb 1.08 r e m t  a d  with bigh t l taul  cooduct- 
ivity w i l l  f ac i l i t a te  t lu  t r m m i r a b n  of heat. To .chim 



rrd a lafomum, tbr  tGL.6 v i m  hm bean replaced with m a h  ck th pq. urd 24 coLlr, a& th f ivepole  veraioa 
flat rk. or .l& f o i l  w h  a11 void. in t& w i n d k a  ured 30 Weld coila. tb. f i e l d  co i la  were deabned t o  
4 f i l l &  eocuirt of f l a t  ribboa wound pancake tm coila of fully 

.maw Bc arumimm. Tbe ,ufi inrulated cmdwtor w u  
v d  w i t l u m t  i n t c r l w r i q  md u u  w c m r f u l l r  aperated u 
t& pr- of a 60 hertr, om pbrw, 230 volt8 AC rtepdwn 
t lnarfarwr at b2S3 C for over 500 bourr w i t h o u t  ~l f iar  
tion or failure (Ue-7369-kgome Utiosa l  Laboratory), 'iPI 
D ~ O P ~  OF FIJ~PS FOR USE xr ~A~T-RIIAC~OI-SMSTY xn- 
~ ~ ~ b y I . I b b i r P r m . o d I L D . C . t l l o o .  

YmREmmE In OF. 
&malad #C alumimn vim, Peruluater  
MDdiully proceued of allmimm oxide 

F i t  thickaeaa 8 ucroaa (.0003*) 

7) Ldi.tioa: W c  A l f i  film bu in  in i t i a l  -00- 

ductivity .t rau &r rate  of (obm/cr)-', the coo- 
duc t iv i ty  iacreasea a t  the same magnitude the dost r a t e  
her"‘"; tl,,,a ttm dO.L rate  of 10f IO.OQCIU/.CG* the 
cmhct iv i ty  rill bna ioaeaaed t o  lo4 ( o ' w d r r ~ ' .  Wben 
utukls &e rubjected t o  a abort &ration ext- iotcuri- 
ty ~.lu p u l e  u enarrmterc' in  wclear explosions (vbrre 
tbc int-ity u y  reach to more than 10' m ~ ~ t g e u a l ~ e c .  in , 
f m c t i m  of a miacwecmd) tb t  reriataoce of mt o-c 
iuauhtioor diminisbar in value. while th. i.atg,..Jo in- 
crud* A120j w i l l  recuver rapidly af ter  10 t o  100 micnr  

A1203 is a u c c e s s f u l l ~  
applied i n  a radiat ion 
environment. A typ ica l  
rmctioo amirmwnt of 8 
x 1012 ~ ~ / c m ~ / a e c .  f o r  
mut- .nd 6 x 1012 1 

2 mevlcm Isec. f o r  gamra 
r a d i a t i o n ,  v h e r e  t h e  
equivalent h r b e d  duae 
for  u e h  is .pprolliutely , .- .- 
equal t o  1 x 10' ~ a d s .  ~ . r l r  --H 

Fig. 2-Alumina (A]& conduct* 
br - IY) at wriws te,a-tums ir, mnu 
effects. radii;m. 

In  a n p o r t  by Idaho Yuclear Radistioa and ',rgonne 
Ut ioru l  Laboratorier w u  C u r i b e d  tba &a* of M h ~ l u  
liclvr hbcth Rmp for tbe Hark 11 Loop, plscinp the lort 
a t r w  requireaanta on the d i u m  pap. Tne fourpole 

8)  Lar Temperatum: A l u ~ i n r  with orid. film a c e l a  in 
wper cold environreatr ;  it is inaenri t ive t o  abrupt 
changer a t  low temperatures, remaina tougb, d u c t i l e  uhd 
r t r o q .  Tbe hi6h thercd coaductivity of aluminum (the 
J i l i ty  to  transfer heat rapidly) u L n  it eapeci.11~ ef- 
fective in hi6h energy abrorptioll 

Tecperature in degrees Kelvin 
Under pressure in liquid hydrogen 

A t  aub-zero temperatures the tear r e a i r t u ~ e  ia u high 
or higber thm tht  a t  room t s y r a t u n .  Aluminn b. been 
uaed to  stabilize acper-wnducring m a g n e t s  d reacts only 
rllghtly in  increases i n  %retic f ie ld in resistivity o r  
about 5KG. In a typ ica l  room temperature, under zero 
stress, zero field resistivity of high purity aluminn is a t  
253 + lo-' 4mlcm. Pure aluminn, oxidized with lov s t rain 
was found t o  b e  lw resistivity even in  a high u g n e t i c  
field. In cryogenic appliuticoa a t  -450' F. in a . . g ~ e c i c  
field, such material operated easily a t  120.000 gatma. The 
less atraiota alumhum retained its propertier i n  high ug- 
ast ic  f i e l d  I t*  ugm-resistace exhibited a predomimtrly 
u tura t i sg  b b i o r .  

9) Freqbdacj: Specif ic  reaiataace of aahydrous and 
p u r i a l  ly hydrated al-im is very high. The d i c  film ia 
approxiutyly 5Qlu2 per 13 x cm film. lbere ia no 
significant c-e uver a vide f r q u a c y  r q e .  At freq- 
c i e s  above 1lttltlS R, it is nearly constant. At 2 5 ~ 1 c m ~  
chngea v i l l  appear v i t h  varied film thicknesws. A t  frc- 
qwnciea klw 10 W / S .  upeciuacc is marly cau tan t  a t  
0-9911 F/CD~. Figure sbova .ou indication of f a i r  repre- 
tatioo of the Lpedance component of Peruluater  tested bcee 
A1203 h l a t e d  r t e A l  a t  mar tempratwe. 

Different values .Id p r o # r t i u  un be 0 b t . M  if the - - 
porer are -led m hpnqrr ted.  

Th. Lpeduue obtainad i n  high frequmcy giver a more 
uniform respool., u th w of a w i r y  a y a t a  limits high 
frequency rerpoam of acourtic tranaducera. 

1 
mCOQMTw OICDOLUIM BY reduciry t& weight of tba u r a  by morn t b  SOX, 

IIPdd24 f roqw~cf  cm k h m u d  TIN w r e  d.w the uterL1. 
-.- ~ 

Fig. 3. Armulu Onur lnducrlon Pump far Mark 11 
&~ccg,rl b d ~ u m  TREAT 1 h.p  

cbr f u t a r  tba m o d  w r r m  travel. lo r  a liven fmquoncy, 
u r r  of tht magnetic coi l  uh ib i ta  a u j o r  porch fo r  tlm 
1-tb of Ur w m  to cycle. Lightweight dumbam reculyu- 



lu uira, m@e r o d ,  with t b h  A l f i  imubtiolq tpravcd 
th &st. objective i n  o b t d d m  tba -hum p a e r  output 
p r p m m d o C r n ~ I r d ~ \ p i L f o r ~ i q t ~ r  
coil ad vmomtdar. 

- 1  . 1 

prrp- Qpld.wc of 
ba lanc ing  s e r i e s  (a)  
r e s i s t a n c e  ;b) capa- 
c i t ance  f o r  annealed 
aluminum oxide - Film 
thicbness 15 x 10-3 u 

bra ruewnhtl ly  mbjutd to v i b n t h  twts botb at roorr 
t..p.ntureo and e b t d  tapmratureo. Dod.r 24 C r i b  
t h ,  appliod at v a r i a u  fmqumcltl  kt- 50 cpo 4 5000 
cpm for  oar baP aloly w b  ub, m cbrq. in r r r l r t iv i ty  
aadaalyasligttbslpinia&ctmcovurrcord.d R a r 4  
tbe test tbe armot flow* tb coil h u e a m a  t o  
r a i w  the t a p r r t u r e  t o  its liritiq value and t lan t.amr 
*sin. 

11) Ugh V s c u r :  *luh oxidm inrulat im u y  be uaed 
ef fec t ive ly  i n  high vacu Tba f i l m  shored no e f f e c t s  
under pressure be tor  10" i o r r  a t  500' C. Other t e s t s  
indicated that wbaD M20j ru i m p m t e d  with -free 
s i l icms,  tb.n u u  m evidence of any h y d m m r h  res ib  
u h  operated above 400' C ia extremely lw ptcsoure. 

12) Design Consideration: Aluminum a l s o  h8s a high 
heat cquci ty with high up.cit8nce for  wen voltage distri- 
but- Alcnimm s t r i p  or rect.qular vim uindiog permits 
higher current  density, due t o  each turn having l a t e r a l  
radht iqp edges uporrd t o  the caoli9g d i m ,  thu pravid- 
ing effective heat d l s s i p a t h .  lbis pemi t r  considerable 

&rign latitudc in e i t l r r  = d u e 4  tb. crora mth  of the 
alluiaull uwd or *~rcreuiql; tha current rat* for quiva- 
l e n t  heat rise. Layer-to-layer temperatures a r e  nearly 
unifom; hot spots inkren t  in  conventions1 u iml iqs  are 
virtually eliminrted. Ik use of a thin high temperature 

St- s ta te  lw f q m y  vol-e would be distributed dielectric film on f l a t  u t c r h l  w i l l  require 1) less  volt- 
across a sheet winding i n  d i r e c t  proportion t o  the  turn age, 2) .-1 mount of insulation, 3) m i n i u l  mount of 
Lpedmnce giving .o essenthl ly linear distribution of such thermsl insulation. It renders g rea te r  volume i n  equal 
VOk8ge .cross tbe tuns. ap.ce and affords gr. .lter uchmniul  strength. 

The capscitance and inductance between adjacent o r  Cacuideruion is giveu t o  l i f e  expectancy, re l i rb i l i ty  
physically close turus and tbe capacitance to  grwnd .re and normal s t resses  i n  performance. It is  important t o  
uniform thwughmt a cmtinuous r k t  coil. Coils w d  choose a dielectric with t h e r u l  stability when the rate  of 
f r a  A124 thin inarlated s t r i p  luve no interlayer u p c i -  k t  genration a t  ume point w i l l  c - m J  the abi l i ty  of the 
tame, k l t  mly  interturn capmitame; tot81 upcit.I1Ee of uter i .1  t o  dissipate it. k t  is gemrated by coaductiom 
the coi l  is thus rtduetk current f l w ,  principally h i c  or by bystensis  uuder 81- 

t e m a t i g  stmo. The k t  gamration rate is an increu* 
function of tarperature i n  the electr ic  field. tm h u l a -  
t ion  with thermsl s t a b i l i t y  should not be the l imi t inp  
factor u it is tk w e t  bportant  p u t  of tbe colponent. 

13) 1& (hide Film Structure: Tbc A&& ioluhted film 
can be vuied  in proceui8@ t o  meet different mquiraents. 
Peruluster  produces such film tbt is flexible t o  a l l w  
windiog i u  any form, includinp miniature c o i l s  and edge 
winding of rectsngular wire ulxder l r e r t  s t re r s .  A f i lm 
thickness sufficiently thick to  b u m  good insulation 'md 

resistance can be produced. 
Waveguide wound, f o r  transmiss ion of 
signals,  urinp c o i l  made of anodized (kiq to  the porosity of tbe oxide surface, the film 
aluminum r e c t a n ~ u l a r  wire, edge wound. u h i b i t s  hydroscopic properties, and its resistivity cbaqes 
Such coils are f u r  moving, l igtuei&t,  with relative humidity u well u with t a p e r a t u r n  rmgk 
su i tab le  f o r  actuators ,  voice co i l s ,  fmm 10' Ob/o to  1012 ma. If relative hmidi ty is s 
serwo qstrr ,  sbrlurs, ete. factor, additional i n m g d c s  or organics can be Lprrlar tad 

into tba pores of the film. 
10) Vibration: h edge wound f l a t  wire coi l  produced a 

f m  dCIUity of 98 ki~OgaUS in an a i r  g8p (UShS 3 HI#. of -4 Ps b ~ w b - e  4 
Alnico 5 - 7 u g a e t i c  core) t o  p r w i d e  a 6 lb. force f o r  n i n m k  structurr of Pons d l p l a c u e n t  and a c c e l m t h  u rbam in  c&rt. T& ir 1 I f  anodic porous fig. 
proved mLy voiw coil d t  h u  m efficiency of 50% io type f i b .  Pora v c  
the  froquoncy r a w *  from 400 - 10,000 Ilr. i n  a muimum rims with operati* 
.courtk outplt of 20 watts v i t b  high of rs l iabi l i -  d i t i o o r .  
0. Of couruB bigbr fawqumq im 00 probla. Tb. film ir 
extremely t e q b  d exbib i t s  l i t t l e  de te r io ra t ion  w d e r  
a t o m i v e  hdmnical vibcuiaE for  o&adod puiodr of tlw. 
Coils rornd v i t b  thin film imul.t.d a k a i n r  -tor b*. 



14) t m p n w t e d  Films: Inoraanic eartiqlr) b*c tbc 
of mriatmce t o  eavirameatal ' taditiaar,  with no 

w t h  by ..porun cu radiation. A120j produced 
i t r l l y  i a  an in te r8ra l  par t  of the conductor. The inner 
Lqa of tbr ad& film ia  mlatively compact and .nhydrour, 
ad on tb r  rutface F. U h l y  aboorkat .ad reuiy t o  rbrotb 
o i t b t  diuolved aubatmcea or molecular in atate of col- 
l o i d a l  diaperaion. It i a  axiomatic that  absorbing ia  a 
functioa of the poroaity of tbc outer layer of the film. It 
ia probable tbe oq-type miom are a put of the porea tht 
uct up.ble of t t y ~ e f l  boodk .  

lhe ccm&ctivity of rba outer layer provides the mean8 
of tramporting d o n a  hydroql iow from aolvmta or water 
tovud  tbc cmdeaoed layer, and hydmqpn ion# u e  easily 
bonded o r  fused with other aubatancea. t h e  t rans i s t ion  
frequeaq of protons in a hydrogen bond h a  been farod to be 
oa of t& order of infrared frequencies (lof3 t o  1014 per 
aecond). Oa t h i a  baria, the  proton mobility i n  hydrogen 
bonded a t ruc ture r  d i f f e r s  from the electron mobility m 
metal i taelf  by only 1 or 2 ordera i n  ul(nitude. I& pore 
d i u c t e r  of tbe surface of the film is in tkc order of 1050 
millimeter mierms, o r  ~ k i r  density is betwnn 100 to 800 
pores per aquue micron. sufficient to a b m b  other r t e r -  
b la .  In m e  u u a  of appliutiona, porous surface could 
tvrr value, since it is chemi~. l ly  active surface. It acts 
sa a good .gent for mcchnical bondiv-: other &.nt.gcs 
include its retent ion of photo-litho emulsioas. and it 
aemea a r  a baae ~ L C  electroplating. printed circuitry and 
pinking. 

Pores c8n bc impregnated with various materials, Le., 
organics t o  inhibit water abmrption, org.ao-ceramics for  
rue i n  high temperatures. I ~ E  Georgia Institute of Techw 
loep (WALT Teeh. Report 56-13) sealed the f ilrn vi th  Colloid- 
a l  Si l ica  in .a electrophmaia & p i t i o n ,  also with a true 
liquid of m i c a  tht wet tk inoide pores by gelling a 
hydrolued rolution of ethyl a i l i u t e  ao the particles of 
s i l i ca  were trapped h the pores of the coating. 

A water m l u t h  of p o w l a i n  -1 or cabbetioar of 
m d c  f r i t z  with or without m h  cabination, can k 
applied t o  c rea te  a a t r o w  bond r i t b  the oxide bar.. A 
atr-q intersolcculu bond ia mpoat ib le  for tb. iwtmr 
af tkc base coath. 

16) Organic I m p r e g ~ t i o n :  A aili- I*-& 

interspersed with organic aroupr can be atabi l ixed t o  a 
valuable film in c a n j u ~ t i o l l  witb dmixnm oxide. Ih rol- 
vent of the s i l i c a  mixture w i l l  o s idbe  a d  vaporkc with 
othcr o ryn ic  cmpamtr, while the W i c  a i l i u  wtrix 
remaim (cnualiaad ~ w p o t y s i l o t m r )  u e  a l ror t  ua*npu- 
~ c (  for boat reaiatmn.  With al-imm oxide, tha a t r u c t e  
c.n withatand over 1400~ F. without deterioration, A n rk r  
of mdified aili-on rosin8 hw been wd, n u h  u ailicoa 
alkyda, or ~ d i u t i o a a  with acrylics, cpoxica or phenolic8 
with a s i l i w n  coatmt of .bout 2%. Such different 
t i e r  of r r a i n  c o m b i ~ t i o n a  can be formulated e i t h e r  by 
blend* or cbpolymeriutioa t o  obtain k t  reriatmce up 
t o  1 0 0 0 ~  P. Such c o m b i ~ t i o n s  a r e  excellcot i n  thermal 
ahock resiotanca Reah can be applied in pure f n  or can 
be combined v i t h  other rea;noua material. A mixture of 
r e s h  put together t o  develop mitable  proprrties tht u e  
coapt ib le  with the h a e  A124 can be achieved. 

Heat q i n g  of poly-iuide-bide) *live 
on allmimn A d  &bed a l u i r n l .  

Actully, the b i e r  layer of tk oxide i s  aufficimt- 
ly protective for orguwr-ceramic fi ' l ing of the pore.. There The &ice of resin t o  be i iprtgmted into the pores 
ia oo w a r  that a carbon conductive prth w i l l  p a s  the deprada upon the application. The choice of an organic 
barrier layer in  high temperature operation. In fact,  even binder is P.& wbcre l i t t l e  or m c u b  reaidre -in, 
the organic material w i l l  operate a t  tvice the temperature though i t  v 1 l l  have no e f f e c t  on the  iuaulation, a s  the  
vithout effect. pores are protected by the refractory oxide film tht h a  a 

melting point three timer tht  of aluminum. 
15) I m p r e g l l l t i ~ ~  With Urg. l l ic  Uaterial: Tbe d i c  

parour bare coating with a barrier layer ia a refractory, Hi.&& temperature polylerr offer p e r u t i l i t y  for  w e  in 
flexible film .ed c8n abrorb or real other o w i c  .Ild b o r  electronic inaularioa AUI a h  atabi l i ty  in performance wben 
gamic f i lm with o r  without an organic vehicle. Another b p m t e d  into che AIZ% Pime coat? Creat3r depend- 
d i c  or eletropboretic proceaa can be applied for forming abi l i ty  h a  * achiwed a t  h b b  opera t iq  tempraturea 
another composite film that is abmrbed b t o  the pores of (about 850' F. ). 
the umxiic ban insulated layer. b i e r  type electrolytes 
cur be uaed. Teat. performed showed that higher dielectric Thermal aging of insulation i n  organic meter ial  i a  
r tnngth  .ad f lexibi l i ty  were obtaillcd af ter  vacuum urmaal- prowbly reapoorible for  .oat failurea found in rba carp 
ing a t  45Q0 t o  500° C, aent. Them81 aging itoelf doca mt produce failures, but 

it redera  h u l a t i o n  vutarrable to other factom, ouch u 
Oxide pores un be "awled" with Tetraethyl o r t b i l i -  moisture, penetration, br i t t lemar,  lora of tb.-1 urpr~ 

cate, which is a refractory binder, a g e l l i n p  agent f o r  a h  before corplete fdlure.  F w  a b k a  rou experiuata  
impregnation of prow u t e r i a l  .ad ia highly beat raria- v i t h  o w i c  film over C1203. - - 
kt. A hyrkol&d a i l i w t e  gel b t e d  t o  ai l ica  becomes a 
b t d ,  vitmauo type u t e r i a l ;  a pure .ilia boading agent h e b  +C wercca; u pro&ed in a a d  or quui-  
which brr th .dv.at.ge of being inroluble in  water. It ia  c u r d  ~ t r t r .  A coi l  u u  k forrwd old wamd ia ql a b r p  
t p e r v i o w  to moot acid .Ild ia excellent i n  high t apera -  when a qurai-cured s t a t e  i a  required. When h a t e d ,  the  

turns. ilydruliration, wing ethyl ailicato aolutioa, can be tunu b o d  t q e t b a  to  £om r -lid structure. By apW4 
a c c ~ l i r b d ,  u it panetrater completely into tb pomur thia mthod, coma a te  e1imiarr.d; Fh coil bocomm m y  
u2% t o  a ccnpleta budmar af ter  heating. at- and rlf-wpporting. 



Thermal qieg of SC aluminum vire, .nod- 
i u l l y  intulated films. Dark bars Mi- 
u t e  alumhum & oxide vire. 

lbrf  h l a t h s  u e  baed on a t b e r u l  tbeory. Should 
a veak area in th omit k l a t i o n  be heated more tbn 
other areas, ud if the b a t  i s  not remored s s  repidly as it 
is generated, t t e  veak spot g r w r  hotter ad the r?cisturce 
v i l l  be lover. Ar the temperature contilrues tii r i s e  i n  
operation, instability occurs; tbis v i l l  be follwed by a 
bredtdova in the v&st point r f  the insulation. This v i l l  
not occur in  A 1 2 4  ;nsulation. In fact, the a l u m b  oxi4e 
insulat ion improves a t  teoperaturcr above 220' F. The 
choice of insulation is often a decided factor that v i l l  
govern the perfotmrnce rod rel iabi l i ty  of the compoaente. 
In appl icat ions vhere peak l o a i  is energized during lov 
&.d period, overall l08ser are always less in  high tem- 
perature design. Examples a r e  transformers, generators, 
rolemi&, alternators, v t s ,  etc., vbether for erwiroa- 
reat.1 . ~ r  t emst r i .1  operati- 

It v i l l  make good e w e  to  cautruct  electronic com- 
poolnts by cuing l ightvekht conductors to  improve opera- 
t ios:  be t te r  balance and higher eff ic iency operation 
though t h e  rtciuction of ws. I t  v i l l  make g o d  sense to  
u8e a l m b u  oride thin f i l a  insulation for better disripu- 
tion of heat, higher current f l w ,  d cwrequently higher 
taperatpure operat inn in  ulverse e w  ironrent 8. 



S P E C I A L  K E Y N O T E  A D D R E S S  

A C O N F E R E N C L  P E R S P E C T I V E  

Technology Transfer  and Cosne rc i a l i za t ion  of High Temperature E lec t ron ic s  

D r .  Robert Fry 
Could, Inc.  
Rol l ing Meadows. I l l i n o i s  

Dr. Robert Pry, Executl-zc Vice Pres ident  f o r  R and D, Could, Inc., has  been 
inv i t ed  t o  the  conference t o  l i s t e n  t o  t h e  proceedings. have d i scuss ions  v i t h  t h e  
au thor s  and a t i endees  and from t h i s  background provide i n s i g h t s  on t h e  s t a t u s  of 
e f f o r t ,  i n t e r f a c e s  between, and percept ion of t h e  r e sea rch ,  manufacturing and 
user  communities i n  h jgh temperature e l e c t r o n i c s .  The progress  of R and D, f ab r i ca -  
t i o n  technology and commercialization of use fu l  measurement systems a t  temperatures  
g r e a t e r  than 200°C v i l l  be assessed.  The gaps between use r  needs,  R and D r e s u l t s  
and on-going p r o j e c t s  v i l l  be sum~rarized y ie ld ing  market expeccat lons  a s  projected 
from use r  a p p l i c a t i o n s  and manufacturer viewpoints. The apparent determinants  f o r  
c ~ e r c i a l i z a t i o n  of c u r r e n t  r e sea rch  p r o j e c t s  and t h e  perceived i n t e r f a c e  b a r r i e r s  
t o  technology t r a n s f e r  w i l l  be  d e t a i l e d .  
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